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FOREWORD 
The Global  Modeling and S imula t ion  Branch has been t h e  f o c a l  p o i n t  f o r  
g l o b a l  weather and climate p r e d i c t i o n  research i n  t h e  Labora to ry  f o r  
Atmospheres a t  t he  Goddard Space F l i g h t  Cen te r  f o r  t h e  p a s t  10 years. Through 
the  r e t r i e v a l  and use of s a t e l l i t e  data ,  t h e  development of g l o b a l  models and 
data a s s i m i l a t i o n  t e c h n i q u e s ,  the s i m u l a t i o n  of  f u t u r e  o b s e r v i n g  s y s t e m s ,  and 
t h e  performance o f  a t m o s p h e r i c  d i a g n o s t i c  s t u d i e s ,  s i g n i f i c a n t  advances have 
been made i n  o u r  u n d e r s t a n d i n g  and a b i l i t y  t o  p r e d i c t  t h e  atmosphere.  From 
t h i s  g l o b a l  research p e r s p e c t i v e  and w i t h  ongoing c o l l a b o r a t i v e  e f f o r t s  w i t h  
s c i e n t i s t s  o u t s i d e  the Branch i n  t h e  development of coupled models of t he  
atmosphere and oceans  and t h e  atmosphere and b i o s p h e r e ,  t he  Branch s h o u l d  p l a y  
a p i v o t a l  r o l e  i n  Eos (Earth Observing System), NASA's program f o r  s t u d y i n g  
g l o b a l  change. 
T h i s  document p r o v i d e s  a s y n o p s i s  of t h e  research conducted i n  t h e  Global  
Modeling and S i m u l a t i o n  Branch and h i g h l i g h t s  t h e  most s i g n i f i c a n t  
accomplishments  i n  1986-87. It is hoped t h a t  t h o s e  i n d i v i d u a l s  who might be 
c o n t e m p l a t i n g  p o s t d o c t o r a l  o r  v i s i t i n g  s c i e n t i s t  appo in tmen t s  w i t h  t h e  Branch 
w i l l  f i n d  t h e  research t o p i c s  h i g h l i g h t e d  here t o  be as e x c i t i n g  as do t h o s e  
of u s  i n  t h e  Branch p u r s u i n g  them. 
Wayman Baker 
Global Modeling and S imula t ion  Branch 
Febriiarg 1988 
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I .  INTRODUCTION ( W .  Baker) 
S i n c e  i ts  i n c e p t i o n  i n  1977, t h e  Global  Modeli.ng and S i m u l a t i o n  Branch 
has l e d  t h e  g l o b a l  weather and climate p r e d i c t i o n  research i n  t h e  Labora to ry  
f o r  Atmospheres ( f o r m e r l y  Labora to ry  f o r  Atmospheric S c i e n c e s )  a t  t h e  Goddard 
Space F l i g h t  C e n t e r .  I n  t h e  f i r s t  few years,  t he  numerical  weather p r e d i c t i o n  
e f f o r t  i n  t h e  Branch was focused  on the  t e s t i n g  and e v a l u a t i o n  of  NOAA 
o p e r a t i o n a l  s a t e l l i t e  t e m p e r a t u r e  sound ings  i n  a tmosphe r i c  g e n e r a l  c i r c u l a t i o n  
models (GCM'S)  f o r  t h e  purpose o f  ex tend ing  weather f o r e c a s t  s k i l l .  T h i s  
ra ther  l i m i t e d  use of  s a t e l l i t e  data has evolved t o  a h i g h l y  s o p h i s t i c a t e d  
research program aimed a t  f u r t h e r i n g  ou r  u n d e r s t a n d i n g  and p r e d i c t i o n  o f  
weather and climate w i t h  t h e  u t i l i z a t i o n  of s a t e l l i t e  da ta  now a n  i n t e g r a l  
p a r t  of  t h e  e f f o r t .  
Today, w e  a re  u s i n g  s a t e l l i t e  temperature sound ings  produced w i t h  a 
p h y s i c a l l y - b a s e d  r e t r i e v a l  s y s t e m  developed i n  t he  Branch (see S e c t i o n  11). 
Genera t ing  these r e t r i e v a l s  i n t e r a c t i v e l y  as p a r t  of  a da ta  a s s i m i l a t i o n  
s y s t e m  n o t  o n l y  produces a c c u r a t e  t e m p e r a t u r e  s o u n d i n g s ,  bu t  a l s o  a broad 
range of g e o p h y s i c a l  parameters ( e .g . ,  l a n d  and sea s u r f a c e  t e m p e r a t u r e ,  i ce  
and snow e x t e n t ,  c loud  h e i g h t  and amount, p r e c i p i t a b l e  water, t o t a l  ozone 
burden,  ou tgo ing  longwave r a d i a t i o n ,  and p r e c i p i t a t i o n ) .  These k inds  of  da t a ,  
which a re  already b e i n g  used  i n  t h e  p r e p a r a t i o n  of boundary c o n d i t i o n s  f o r  
v a r i o u s  model i n t e g r a t i o n s ,  i n  t h e  e v a l u a t i o n  of  climate s i m u l a t i o n s ,  and i n  
t r y i n g  t o  unde r s t and  t h e  r e a s o n s  f o r  t h e  d e p l e t i o n  o f  ozone o v e r  t he  
A n t a r c t i c ,  s h o u l d  b e  ex t r eme ly  v a l u a b l e  i n  i n v e s t i g a t i n g  g l o b a l  change under 
t h e  Eos (Ea r th  Observing System) program. 
A s  ment ioned above ,  s a t e l l i t e  t e m p e r a t u r e  sound ings  are  produced 
i n t e r a c t i v e l y  as p a r t  of  t h e  da t a  a s s i m i l a t i o n  s y s t e m .  T h i s  c a p a b i l i t y ,  which 
is unique t o  t h e  Branch 's  numer i ca l  weather p r e d i c t i o n  e f f o r t ,  is d i s c u s s e d  i n  
S e c t i o n  111. Another unique da t a  a s s i m i l a t i o n  c a p a b i l i t y  is t h e  development 
of  a coupled stratospheric/tropospheric a s s i m i l a t i o n  system e x t e n d i n g  up t o  
0 .4  mb which is a l s o  described i n  S e c t i o n  111. 
Climate research conducted i n  t h e  Global  Modeling and S i m u l a t i o n  Branch 
i n c l u d e s  a wide v a r i e t y  of t o p i c s .  S e c t i o n  I V  p r e s e n t s  t h e  h i g h l i g h t s  from 
some of  these i n c l u d i n g  c l o u d - c l i m a t e  s t u d i e s ,  coup led  ocean-atmosphere 
e x p e r i m e n t s ,  ea r th -a tmosphe re  i n t e r a c t i o n  s t u d i e s ,  and s e a s o n a l  cycle 
s i m u l a t i o n  expe r imen t s .  
F i n a l l y ,  i n  a d d i t i o n  t o  t h e  g l o b a l  model ing,  s a t e l l i t e  r e t r i e v a l  
a l g o r i t h m  development ,  and data a s s i m i l a t i o n  research conducted i n  the Branch, 
which are  h i g h l y  r e l e v a n t  t o  Eos, a comprehensive program is underway t o  
conduct  o b s e r v i n g  system s i m u l a t i o n  expe r imen t s  f o r  proposed f u t u r e  
i n s t r u m e n t s  ( d i s c u s s e d  i n  S e c t i o n  V ) .  T h i s  e f f o r t ,  which is i n  c o l l a b o r a t i o n  
w i t h  the  European C e n t r e  f o r  Hedium Range Weather F o r e c a s t s  (ECMWF), shou ld  
h e l p  t o  i n s u r e - t h a t  those th ings  needed 
p r e d i c t i o n  c a p a b i l i t i e s  are g i v e n  t h e  h i g h e s t  p r i o r i t y .  
t o  advance o u r  c u r r e n t  modeling and 
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11. SATELLITE RETRIEVAL RESEARCH ( J .  S u s s k i n d )  
Phys i c a l l y - B a s e d  R e t r i e v a l s  
Research i n  s a t e l l i t e  re t r ievals  is o r i e n t e d  p r i m a r i l y  toward t h e  
development o f  improved t e c h n i q u e s  f o r  d e t e r m i n a t i o n  of geophys ica l  p a r a m e t e r s  
from o b s e r v a t i o n s  t a k e n  by t h e  HIRS2 (High r e s o l u t i o n  I n f r a - r e d  R a d i a t i o n  
Sounder 2 )  and MSU (Microwave Sounding U n i t )  on the  NOAA o p e r a t i o n a l  
s a t e l l i t e s ,  and t o v a r d  t h e  u t i l i z a t i o n  o f  t h e  f i e l d s  of  g e o p h y s i c a l  p a r a m e t e r s  
d e r i v e d  from the  s a t e l l i t e  sound ings  i n  weather and climate research. 
HIRS2 and MSU are  t h e  20 channe l  i n f r a - r e d  and 4 channel  microwave pas- 
s i v e  s o u n d e r s  on the  o p e r a t i o n a l  low ear th  o r b i t i n g  s a t e l l i t e s .  They monitor  
e m i s s i o n  a r i s i n g  p r i m a r i l y  from t h e  ea r th ' s  surface and t h e  atmosphere up t o  
t h e  mid s t r a t o s p h e r e .  These, t o g e t h e r  w i t h  t h e  SSU ( S t r a t o s p h e r i c  Sounding 
U n i t ) ,  a three channe l  p r e s s u r e  modulated i n f r a - r e d  r a d i o m e t e r ,  which m o n i t o r s  
e m i s s i o n  from t h e  middle  and upper  s t r a t o s p h e r e ,  comprise t h e  TOVS s y s t e m  
(TIROS O p e r a t i o n a l  Vertical Sounder 1.  
The TOVS data are a n a l y z e d  o p e r a t i o n a l l y  by t h e  NOAA N a t i o n a l  
Environmental  S a t e l l i t e  and Data I n f o r m a t i o n  S e r v i c e  ( N E S D I S )  t o  produce 
v e r t i c a l  t e m p e r a t u r e  and humid i ty  p r o f i l e s  u s i n g  a method based p r i m a r i l y  on 
s t a t i s t i c a l  r e g r e s s i o n  r e l a t i o n s h i p s  between obse rved  r a d i a n c e s  and 
a tmosphe r i c  pa rame te r s .  The approach used a t  CLA is fundamen ta l ly  d i f f e r e n t  
from t h e  c u r r e n t  o p e r a t i o n a l  approach.  Rather t h a n  r e l y  on e m p i r i c a l  
r e l a t i o n s h i p s  between o b s e r v a t i o n s  and m e t e o r o l o g i c a l  c o n d i t i o n s ,  we a t t e m p t  
t o  f i n d  s u r f a c e  and a t m o s p h e r i c  c o n d i t i o n s  which match t h e  o b s e r v a t i o n s  t o  a 
s p e c i f i e d  amount,  when s u b s t i t u t e d  i n t o  the  r a d i a t i v e  t r a n s f e r  e q u a t i o n s  
d e s c r i b i n g  t h e  dependence of  t h e  o b s e r v a t i o n s  on the  m e t e o r o l o g i c a l  
c o n d i t i o n s .  A p h y s i c a l l y - b a s e d  method e a s i l y  a l l o w s  f o r  i n c o r p o r a t i o n  of  
model f o r e c a s t  i n f o r m a t i o n  t o  h e l p  improve t h e  r e t r i e v a l s .  T h i s  produces n o t  
o n l y  a bet ter  s e t  of  r e t r i e v a l s ,  b u t  a l s o  r e s u l t s  i n  bet ter  a n a l y s e s  and f o r e -  
casts ,  as d i s c u s s e d  below. I n  a d d i t i o n ,  a p h y s i c a l l y - b a s e d  system has t h e  
a b i l i t y  t o  c o r r e c t  f o r  t h e  e f f e c t s  of  a u x i l i a r y  f a c t o r s  such as t o t a l  ozone ,  
s u r f a c e  t e m p e r a t u r e ,  s u r f a c e  e m i s s i v i t y ,  s u r f a c e  e l e v a t i o n ,  re f lec ted  s o l a r  
r a d i a t i o n ,  s a t e l l i t e  z e n i t h  a n g l e ,  and most s i g n i f i c a n t  of  a l l ,  c l o u d s .  A l l  of 
these p a r a m e t e r s  a re  e i ther  s o l v e d  f o r ,  o r  d i r e c t l y  accoun ted  f o r ,  t o g e t h e r  
w i t h  t h e  a tmosphe r i c  t e m p e r a t u r e  and humid i ty  p r o f i l e s ,  i n  a n  i t e r a t i v e  
f a s h i o n .  A s  a r e s u l t  of  t h i s ,  t h e  da ta  have been a n a l y z e d  t o  produce n o t  o n l y  
a tmosphe r i c  t e m p e r a t u r e  and humid i ty  p r o f i l e s  g l o b a l l y ,  which can  be used f o r  
i n i t i a l i z a t i o n  of a t m o s p h e r i c  g e n e r a l  c i r c u l a t i o n  models,  b u t  a l s o  t o  produce 
t h e  f o l l o w i n g  f i e l d s :  t o t a l  ozone burden of  t h e  atmosphere;  s e a / l a n d  s u r f a c e  
t e m p e r a t u r e  and t h e i r  day-night  d i f f e r e n c e  which,  o v e r  l a n d ,  is related t o  
s o i l  m o i s t u r e ;  f r a c t i o n a l  c loud  c o v e r ,  c loud  t o p  t e m p e r a t u r e ,  and  c l o u d  t o p  
p r e s s u r e  and t he i r  day-night  d i f f e r e n c e s ;  and ice  and snow c o v e r ,  which is 
d e r i v e d  from t h e  combined u s e  of  t n e  s u r f a c e  e m i s s i v i t y  a t  50.3 GHz and the  
ground t e m p e r a t u r e .  F i e l d s  of ou tgo ing  longwave r a d i a t i o n  and estimates of  
p r e c i p i t a t i o n  have a l s o  been computed based on t h e  r e t r i e v e d  s u r f a c e  and 
a t m o s p h e r i c  g e o p h y s i c a l  pa rame te r s .  
One o f  t h e  c r u c i a l  e l e m e n t s  i n  t h e  p h y s i c a l  r e t r i e v a l  scheme is the  a b i l -  
i t y  t o  a c c u r a t e l y  compute r a d i a n c e s  which t h e  i n s t r u m e n t  would see as a func-  
t i o n  of a tmosphe r i c  and s u r f a c e  c o n d i t i o n s .  The de t a i l s  of  t h e  c a l c u l a t i o n  o f  
2 
channel-averaged r a d i a n c e s  as a f u n c t i o n  of  a tmosphe r i c  temperature-humidi ty-  
ozone p r o f i l e s ,  s u r f a c e  t e m p e r a t u r e ,  e l e v a t i o n ,  e m i s s i v i t y ,  and z e n i t h  a n g l e  
of  o b s e r v a t i o n  a re  d e s c r i b e d  i n  Susskind e t  a l .  (1983) .  The bas ic  r e t r i e v a l  
scheme is descr ibed  i n  Sussk ind  e t  a l .  ( 1 9 8 4 ) ,  w i t h  improvements i n  
t h e  d e t e r m i n a t i o n  of s u r f a c e  t e m p e r a t u r e  descr ibed  i n  Sussk ind  and Reuter 
(1985) .  Improvements i n  t he  d e t e r m i n a t i o n  of c l o u d  f i e l d s  are descr ibed  i n  
Sussk ind  e t  a l .  ( 1 9 8 7 ) ,  and a d e s c r i p t i o n  of  a new humid i ty  a l g o r i t h m  i s  g i v e n  
i n  Reuter e t  a l .  (1988) .  
The most r e c e n t  developments have been w i t h  regard t o  r e t r i eva l  of  t o t a l  
O3 burden,  computat ion o f  o u t g o i n g  longwave r a d i a t i o n  ( O L R )  
estimates from t h e  HIRS2/MSU sound ings ,  and v a r i o u s  items related t o  t h e  
development and implemen ta t ion  of t he  CLA i n t e r a c t i v e  a n a l y s i s / f o r e c a s t / r e -  
t r i e v a l  s y s t e m ,  which has been used t o  p r o c e s s  data  f o r  t h e  whole FGGE y e a r ,  
December 1978 - November 1979. 
and p r e c i p i t a t i o n  
I n t e r a c t i v e  Analvsis/Forecast/Retrieval System 
One o f  ou r  major  research e f f o r t s  has been t h e  development of  a n  i n t e r a c -  
t i v e  analysis/forecast/retrieval sys t em which is a n  automated sys t em t o  pro- 
duce s a t e l l i t e  r e t r i e v a l s ,  g l o b a l  a n a l y s e s ,  and s ix -hour  f o r e c a s t s  i n  a n  
i n t e r a c t i v e  f a s h i o n .  The system was des igned  f o r  l o n g  term u s e  and s o  f a r  has 
been used t o  p r o c e s s  t h e  e n t i r e  FGGE y e a r .  The c u r r e n t  i n t e r a c t i v e  
a s s i m i l a t i o n  sys t em is e n v i s i o n e d  as the  p r o t o t y p e  of t h e  o n e  r e q u i r e d  f o r  Eos 
(see S e c t i o n  111.) I t  was a l s o  used t o  produce n e a r  real  time (same d a y )  
r e t r i e v a l s  and a n a l y s e s  f o r  t h e  p e r i o d  August-September 1987 i n  c o n j u n c t i o n  
w i t h  t h e  expe r imen t  t o  monitor  t h e  Itozone ho le f1  o v e r  A n t a r c t i c a .  
I n  each s i x  hour  p e r i o d ,  t h e  i n t e r a c t i v e  cycle starts w i t h  t he  6-hour 
f o r e c a s t  f i e l d  g e n e r a t e d  by t h e  G C M  (Kalnay e t  a l . ,  1983) .  The 6-hour f o r e -  
cast  t e m p e r a t u r e  and humid i ty  p r o f i l e s  a re  u s e d  as a n  i n i t i a l  g u e s s  f o r  a l l  
sound ings  o c c u r r i n g  i n  t h e  i n t e r v a l  k 3 hours  of  t h e  f o r e c a s t  time. An SCM 
a n a l y s i s  ( B a k e r ,  1983)  is t h e n  performed u s i n g  t h e  s a t e l l i t e  sound ings  and a l l  
o t h e r  i n f o r m a t i o n  measured i n  t h e  time i n t e r v a l  ( such  as r a d i o s o n d e  and s h i p  
r e p o r t s ,  e t c . ) .  While s a t e l l i t e  s o u n d i n g s  of a l l  t he  p r e v i o u s l y  mentioned 
v a r i a b l e s  are  produced i n  t h e  6 hour p e r i o d ,  o n l y  r e t r i e v e d  a t m o s p h e r i c  t h i c k -  
n e s s e s  have been assimilated a t  t h i s  time. Research is b e i n g  done r e g a r d i n g  
a s s i m i l a t i o n  of s a t e l l i t e - d e r i v e d  humid i ty  p r o f i l e s  and s e a - s u r f a c e  tempera- 
t u r e s .  The r e t r i e v e d  a tmosphe r i c  t h i c k n e s s e s  are  assimilated ove r  b o t h  c o n t i -  
n e n t a l  and o c e a n i c  areas ,  b u t  a re  weighted i n  t h e  a n a l y s i s  wi th  w e i g h t s  which 
decrease w i t h  i n c r e a s i n g  r e t r i e v e d  c l o u d i n e s s  and which are  larger  ove r  ocean 
t h a n  o v e r  l a n d .  T h i s  d i f f e r s  from p rocedures  used o p e r a t i o n a l l y  a t  NMC and 
ECMWF which do  n o t  assimilate any  sound ings  ove r  l a n d .  
I t  is f e l t  t h a t  u s i n g  t h e  same 6 hour f o r e c a s t  f i e l d  as a f i rs t  guess f o r  
t h e  r e t r i e v a l s  and a l s o  as f i rs t  g u e s s  f o r  t h e  a n a l y s i s  is advan tageous  f o r  
the  a n a l y s i s  and subsequen t  f o r e c a s t .  It is t r u e  t h a t  t o  some e x t e n t  re t r ie-  
v a l  e r r o r s  are c o r r e l a t e d  w i t h  f o r e c a s t  errors, which must be  accoun ted  f o r  i n  
the  a n a l y s i s .  On t h e  o t h e r  hand,  a f t e r  t h e  system has a c h i e v e d  a b a l a n c e ,  t he  
r e t r i e v a l s  g e n e r a l l y  improve, b u t  do n o t  d i f f e r  s i g n i f i c a n t l y  from the  6-hour 
f i r s t  g u e s s .  T h e r e f o r e ,  t h e  m o d i f i c a t i o n s  t o  t h e  f i rs t  g u e s s  from t h e  p o i n t  
of view o f  t h e  a n a l y s i s  are  small and a l l o w  f o r  a better dynamic b a l a n c e  i n  
t h e  i n i t i a l  c o n d i t i o n s  f o r  t h e  n e x t  s ix -hour  f o r e c a s t .  S a t e l l i t e  r e t r i e v a l s  
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Even u s i n g  t h i s  t u n i n g  p r o c e d u r e ,  comparison of  r e t r i e v a l s  w i t h  r a d i o -  
sonde  r e p o r t s  showed small biases a t  d i f f e r e n t  p r e s s u r e  l e v e l s .  T h e s e  were of  
a n  o s c i l l a t o r y  n a t u r e  similar i n  form t o  t h e  e m p i r i c a l  o r t h o g o n a l  f u n c t i o n s  
used as a c o n s t r a i n t  on the  s o l u t i o n  (Sussk ind  e t  a l . ,  1984) .  These r e t r i e v a l  
biases,  which changed o n l y  v e r y  s lowly  wi th  time, d i d  n o t  r e spond  t o  changes 
i n  t u n i n g .  They were removed i n  t he  r e t r i e v a l  program by s u b t r a c t i n g  b i a s e s  
as a f u n c t i o n  of p r e s s u r e  computed from t h e  p r e v i o u s  run ( t y p i c a l l y  2 days  
l o n g ) ,  and from t h e  r e t r i e v a l s  f o r  t h e  f o l l o w i n g  time p e r i o d .  
which d i f f e r  s i g n i f i c a n t l y  from t h e  f o r e c a s t  f i e l d  used  t o  i n i t i a l i z e  t h e  
a n a l y s i s  n o t  o n l y  d i s t u r b  t he  dynamic b a l a n c e  of  t h e  f o r e c a s t  f i e l d ,  b u t  a l s o  
are l i k e l y  t o  be re jec ted  t o  some e x t e n t  by t h e  a n a l y s i s  p rocedure .  
Development of  t h i s  i n t e r a c t i v e  s y s t e m  invo lved  i n t e r f a c i n g  t h e  r e t r i e v a l  
program w i t h  t h e  GLA GCM and t h e  SCM a n a l y s i s  scheme and s p e e d i n g  up t h e  
r e t r i e v a l  p r o d u c t i o n  (50,000 r e t r i e v a l s  per  day  p e r  s a t e l l i t e  a r e  now done i n  
30 minu tes  CPU on t h e  Cyber 2 0 5 ) .  An automated s y s t e m a t i c  e r r o r  c o r r e c t i o n  
scheme, which i n s u r e s  unb iased  r e t r i e v a l s  t h roughou t  t he  whole y e a r  w i t h  no 
o u t s i d e  i n t e r v e n t i o n ,  a l s o  had t o  be developed and implemented. 
The GLA r e t r i e v a l  s y s t e m  computes b r i g h t n e s s  t e m p e r a t u r e s  f o r  t h e  
sounding c h a n n e l s  u t i l i z i n g  a f irst  guess p r o f i l e ,  compares t h e  computed 
b r i g h t n e s s  t e m p e r a t u r e s  t o  t h e  o b s e r v a t i o n s  , and m o d i f i e s  t h e  f i rs t  g u e s s  
a c c o r d i n g  t o  t h e  above d i f f e r e n c e s  and t h e  d e r i v a t i v e  of t h e  computed 
b r i g h t n e s s  t e m p e r a t u r e s  w i t h  r e s p e c t  t o  changes i n  t h e  t e m p e r a t u r e  p r o f i l e  
(Sussk ind  e t  a l . ,  1983, 1984) .  The a b i l i t y  t o  compute accurate b r i g h t n e s s  
t e m p e r a t u r e s  as a f u n c t i o n  of s u r f a c e  and a tmosphe r i c  c o n d i t i o n s  is crucial  t o  
t he  s u c c e s s  of  a p h y s i c a l l y - b a s e d  method. I n  p a r t i c u l a r ,  one  must gua rd  
a g a i n s t  s y s t e m a t i c  d i f f e r e n c e s  between obse rved  and computed b r i g h t n e s s  
t e m p e r a t u r e s .  Such d i f f e r e n c e s  can ar ise  from systematic computat ion e r r o r s ,  
s y s t e m a t i c  o b s e r v a t i o n  ( c a l i b r a t i o n )  e r r o r s  , o r  a combination of  b o t h .  
Removal of these biases is referred t o  as t u n i n g ,  and  is  a n  i n t e g r a l  p a r t  of 
t h e  r e t r i e v a l  program. Radiances computed w i t h  t he  g l o b a l  s ix -hour  f o r e c a s t  
f i r s t  g u e s s  a re  compared t o  t h e  o b s e r v a t i o n s  i n  o r d e r  t o  g e n e r a t e  e m p i r i c a l  
bias c o r r e c t i o n  c o e f f i c i e n t s .  The g l o b a l  s ix -hour  f o r e c a s t  f i rs t  g u e s s  is 
t a k e n  as ' f t r u t h f l  t o  t h e  e x t e n t  that  i t  is assumed t o  be u n b i a s e d ,  though n o t  
n e c e s s a r i l y  a c c u r a t e .  I n  t h e  c o u r s e  of producing a r e t r i e v a l ,  t he  c l o u d  
f r a c t i o n  and ground t e m p e r a t u r e  a re  r o u t i n e l y  determined and r a d i a n c e s  a re  
computed f o r  t h e  t e m p e r a t u r e  sound ing  c h a n n e l s  u s i n g  t h e  r e t r i e v e d  ground 
t e m p e r a t u r e  and t h e  f i r s t  g u e s s  p r o f i l e .  These computed r a d i a n c e s  are  t h e n  
used f o r  comparisons w i t h  t h e  o b s e r v a t i o n s  t o  modify t h e  a tmosphe r i c  
p r o f i l e s .  The same comparisons a r e  a l s o  used t o  g e n e r a t e  t h e  bias 
c o e f f i c i e n t s .  Comparisons a r e  done o n l y  i n  cases determined t o  be clear and 
i n  cases f o r  which t h e  f i n a l  r e t r i e v a l  is a c c e p t e d  and n o t  changed a p p r e c i a b l y  
from t h e  f i r s t  g u e s s .  T h i s  l a t t e r  c r i t e r i o n  is added  t o  remove cases w i t h  a 
v e r y  bad f i r s t  g u e s s ,  and t h e  f irst  c r i t e r i o n  e l i m i n a t e s  problems w i t h  c l o u d s  
and o t h e r  nonhomogenei t ies  i n  t h e  s c e n e .  
A comparison of  r e t r i eva l  and f o r e c a s t  f i r s t  g u e s s  t e m p e r a t u r e  p r o f i l e  
a c c u r a c i e s  o b t a i n e d  from t h e  i n t e r a c t i v e  c y c l e  u s i n g  t h e  automated bias 
c o r r e c t i o n  is g iven  i n  F i g u r e s  1 and 2 f o r  a w i n t e r  and a summer month o f  
FGGE. Co- loca t ions  are f o r  a l l  o c e a n i c  r a d i o s o n d e s  w i t h i n  110 km and 6 hour s  
of t h e  s a t e l l i t e  sound ings .  I t  i s  a p p a r e n t  t h a t  w h i l e  t h e  s i x  hour  f o r e c a s t  
g u e s s ,  r e s u l t i n g  from t h e  i n t e r a c t i v e  a n a l y s i s  s y s t e m ,  is ve ry  good a t  a l l  
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INTERACTIVE RETRIEVALS RMS = 1.99OC 
-----------. INTERACTIVE 6 HR FORECAST GUESS RMS = 2.25OC 
---- FGGE DATABASE RETRIEVALS RMS = 2.26OC 
RMS ERROR "(C) 
Figure 1 RMS l ayer  mean temperature e r r o r s  compared t o  co-located oceanic 
radiosondes f o r  G L A  in te rac t ive  r e t r i e v a l s ,  GLA in te rac t ive  
f i r s t  guess ,  and FGGE database r e t r i e v a l s  f o r  February 1- 
February 28, 1979. 
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INTERACTIVE RETRIEVALS RMS = 1.84OC 
............ INTERACTIVE 6 HR FORECAST GUESS RMS = 1.96OC 
RMS = 2.25OC FGGE DATABASE RETRIEVALS ---- 
F i g u r e  2 A s  i n  F i g u r e  1 f o r  J u l y  1-  J u l y  31, 1979. 
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l e v e l s ,  t h e  r e t r i e v a l s  f u r t h e r  improve t h e  f o r e c a s t  i n  t h e  m i d d l e  and upper  
atmosphere.  I n  f a c t ,  t he  a c c u r a c y  of  b o t h  the  f o r e c a s t  and the  r e t r i e v a l s  
improve th roughou t  t h e  c o u r s e  o f  t h e  year. The resul ts  shown a re  f o r  
r e t r i e v a l s  and f o r e c a s t s  i n  t he  v i c i n i t y  of r a d i o s o n d e s ,  where the  f o r e c a s t s  
a re  expec ted  t o  be most a c c u r a t e ,  o f t e n  hav ing  had t h e  b e n e f i t  of  a p r e v i o u s  
r a d i o s o n d e  r e p o r t  w i t h i n  6-12 hours .  Reuter e t  a l .  (1988)  showed t h a t  temper- 
a ture  r e t r i e v a l s  degrade much more s l o w l y  t h a n  t h e  f i r s t  g u e s s .  T h e r e f o r e ,  
one  would e x p e c t  l a r g e r  improvements i n  t h e  f o r e c a s t  t e m p e r a t u r e  p r o f i l e s ,  and 
hence ,  i n  t h e  s u b s e q u e n t  a n a l y s e s  i n  areas away from r a d i o s o n d e s  where the  
f o r e c a s t  is l i k e l y  t o  be poore r .  Also i n c l u d e d  i n  F i g u r e s  1 and 2 are t h e  RMS 
e r r o r s  of  t h e  FGGE r e t r i e v a l s  (produced by NOAA NESDIS) f o r  t he  same 
p e r i o d s .  I t  is clear  t h a t  t he  a c c u r a c y  of t h e  FGGE re t r i eva l s  is p o o r e r  t han  
t h a t  of  e i t h e r  t he  GLA r e t r i e v a l s  o r  t h e  i n t e r a c t i v e  f o r e c a s t  i t se l f .  Hence, 
the FGGE r e t r i e v a l s  may n o t  produce as a c c u r a t e  a n  a n a l y s i s  when used t o  
i n i t i a l i z e  t h e  model as t h e  GLA r e t r i e v a l s .  
One way of j u d g i n g  the  q u a l i t y  of a n  a n a l y s i s  is t h e  a c c u r a c y  of a f o r e -  
cast  g e n e r a t e d  from i t .  
a n a l y s e s  u s i n g  t h e  i n t e r a c t i v e  sys t em wi th  the  GLA r e t r i e v a l s  and compared 
w i t h  t h o s e  produced from a f o r e c a s t / a n a l y s i s  c y c l e  u t i l i z i n g  the s t a n d a r d  FGGE 
r e t r i e v a l s ,  which is o t h e r w i s e  i d e n t i c a l  w i t h  r e s p e c t  t o  t h e  data used i n  t h e  
i n t e r a c t i v e  cyc le .  Both s e t s  of  f o r e c a s t s  have been v e r i f i e d  a g a i n s t  t h e  
ECMWF a n a l y s i s .  F i g u r e  3 shows t h e  a v e r a g e  anomaly c o r r e l a t i o n  s c o r e  f o r  13 
f i v e  day ( a >  500 mb h e i g h t  and ( b )  sea l e v e l  p r e s s u r e  f o r e c a s t s ,  v e r i f i e d  o v e r  
t h e  n o r t h e r n  hemisphere e x t r a t r o p i c s ,  t a k e n  from t h e  p e r i o d  Janua ry  9 t o  March 
2 ,  1979 ( e v e r y  4 d a y s  of  FGGE SOP 1 e x c e p t  Februa ry  22 and 26, f o r  which 
v e r i f i c a t i o n  was l a c k i n g ) .  I t  is c l e a r  t h a t  t h e  ave rage  f o r e c a s t  anomaly 
c o r r e l a t i o n  o f  t h e  i n t e r a c t i v e  f o r e c a s t s  a re  s u p e r i o r  t o  t h o s e  o f  t h e  
f o r e c a s t s  i n i t i a l i z e d  u s i n g  the s t a n d a r d  FGGE sound ings .  The i n t e r a c t i v e  
f o r e c a s t s  e x h i b i t  a n  improvement i n  a l l  i n d i v i d u a l  r e g i o n s ,  b u t  t h e  
improvement i n  f o r e c a s t  s k i l l  is l a r g e s t  when v e r i f i e d  over  Europe, as shown 
i n  F i g u r e  4a, i n  which t h e  regime of  s k i l l f u l  500 mb h e i g h t  f o r e c a s t s ,  which 
is i n d i c a t e d  b y  a n  anomaly c o r r e l a t i o n  g r e a t e r  t han  0 .6 ,  is ex tended  rough ly  6 
h o u r s  t o  a p e r i o d  o f  5 days  u s i n g  t h e  i n t e r a c t i v e  a n a l y s i s .  F i g u r e  4b shows 
t h e  500 mb h e i g h t  anomaly c o r r e l a t i o n  s c o r e ,  comparing t h e  f o r e c a s t s  o v e r  
Europe  i n i t i a l i z e d  w i t h  t h e  i n t e r a c t i v e  a n a l y s i s  w i t h  those i n i t i a l i z e d  w i t h  
a n  a n a l y s i s  h a v i n g  no  s a t e l l i t e  da t a .  I t  is a p p a r e n t  t h a t  t h e  s a t e l l i t e  data 
improve t h e  f o r e c a s t  ( F i g u r e  4 b ) ,  and t h e  improvement has been enhanced a f t e r  
4 d a y s  by  u s i n g  t h e  i n t e r a c t i v e  r e t r i e v a l s  i n  p l a c e  of  t h e  FGGE r e t r i e v a l s  
( F i g u r e  4a).  
A number of  5 day f o r e c a s t s  have been r u n  from 
’ 
Atmospheric humid i ty  p r o f i l e s  are  much more d i f f i c u l t  t o  d e t e r m i n e  w i t h  
h i g h  p r e c i s i o n  t h a n  a re  t e m p e r a t u r e  p r o f i l e s .  T h i s  is because t h e  s e n s i t i v i t y  
of t h e  r a d i a n c e s  t o  water vapor  d i s t r i b u t i o n  i n  d i f f e r e n t  a t m o s p h e r i c  l e v e l s  
is rough ly  p r o p o r t i o n a l  t o  t h e  d i f f e r e n c e  between t h e  t e m p e r a t u r e s  of  t he  
water vapor i n  t h e  a tmosphe r i c  l e v e l  and t h e  surface t e m p e r a t u r e .  T h e r e f o r e ,  
s e n s i t i v i t y  t o  low l e v e l  humid i ty  is reduced .  Reuter  e t  a l .  (1988)  h a v e  shown 
t h a t  r e t r i e v e d  humid i ty  beneath 700 mb is ve ry  s e n s i t i v e  t o  t h e  f i rs t  g u e s s  
p r o f i l e ,  bu t  r e t r i e v a l s  can improve on t h e  f i r s t  g u e s s  a t  low l e v e l s  i f  t he  
g u e s s  is r e l a t i v e l y  poor.  Tab le  1 shows w i n t e r  and  summer R M S  e r r o r s  compared 
t o  co - loca ted  r a d i o s o n d e s  o f  r e t r i e v e d  and f i r s t  g u e s s  p r e c i p i t a b l e  water. 
Also shown i n  p a r e n t h e s e s  is t h e  e r r o r  expressed as t h e  mean v a l u e  of  t h e  
r a d i o s o n d e  r e p o r t s .  S t a t i s t i c s  a re  shown f o r  p r e c i p i t a b l e  water i n  three 
a t m o s p h e r i c  l a y e r s  and f o r  t h e  t o t a l  a tmosphere.  
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( a )  500 mb height anomaly cor re la t ion  coef f ic ien ts  averaged f o r  
1 3  1-5 day G L A  GCM forecas ts  i n  S O P I ,  ver i f ied over t h e  Northern 
Hemisphere ex t ra t ropics  against  the ECMWF ana lys i s ,  i n i t i a l i z e d  
u t i l i z i n g  e i t h e r  the f u l l  FGGE database, o r  the f u l l  FGCE 
database, b u t  using G L A  in te rac t ive  r e t r i e v a l s  i n  place of FGGE 
r e t r i e v a l s .  
cor re la t ion  coef f ic ien ts .  
( b )  A s  i n  ( a )  b u t  f o r  sea leve l  presswe anomaly 
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( a )  A s  i n  F i g u r e  3 ( a ) ,  b u t  v e r i f i e d  o n l y  o v e r  Europe. 
( a ) ,  b u t  w i t h  s t a t i s t i c s  fo r  forecasts i n i t i a l i z e d  u t i l i z i n g  no 
s a t e l l i t e  data i n  p l a c e  o f  those u s i n g  the  f u l l  F E E  database. 
( b )  A s  i n  
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TABLE 1 
RMS ERRORS ( M M )  OF LAYER PRECIPITABLE WATER COMPARED TO GLOBAL OCEANIC 
R A D I O S O N D E S  + 6 H R S  + 110 KM - - 
FEB 1 - FEB 28 1979 JULY 1 - JULY 31 1979 
LAYER FORECAST RETRIEVAL FORECAST RETRIEVAL 
(MB) 
1000-700 7.70 (30 .4%)  7.68 (30 .2%)  8.99 ( 3 1 . 8 % )  8.88 (31.4%) 
700-500 2.36 (49 .5%)  2 .22  (46 .5%)  2.72 (40 .2%)  2.68 ( 3 9 . 6 % )  
500-300 0.99 ( 7 0 . 2 % )  0.89 (63 .1%)  1 . 4 2  (68 .6%)  1.06 ( 5 1 . 2 % )  
1000-1 8.82 (29 .2%)  8.22 (27 .2%)  10.46 (29 .5%)  9.48 (26 .7%)  
It is a p p a r e n t  t h a t  t he  r e t r i e v a l s  improve the  model f i r s t  g u e s s ,  b u t  
o n l y  s l i g h t l y  a t  t he  lowest l e v e l  w i t h  i n c r e a s i n g  amounts a t  h i g h e r  l e v e l s .  
The t o t a l  p r e c i p i t a b l e  water is r e t r i e v e d  t o  a n  accu racy  o f  a b o u t  f27%. Part  
of  t h i s  e r r o r  is most l i k e l y  due  t o  sampling d i f f e r e n c e s  i n  space and time 
between t h e  r a d i o s o n d e  p o i n t  measurement and the  s a t e l l i t e  area measurement. 
R e t r i e v a l s  o f  - T o t a l  O2 Burden 
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The t o t a l  ozone c o n t e n t  of  t h e  atmosphere is a n  i m p o r t a n t  v a r i a b l e  f o r  a t  
l e a s t  two r e a s o n s ,  i n d i c a t i v e  of bo th  s t r a t o s p h e r i c  and t r o p o s p h e r i c  pro- 
cesses. The ozone c o n t e n t  of t h e  s t r a t o s p h e r e  is de te rmined  by  photochemical  
p r o c e s s e s  dependen t  on t h e  amount of s u n l i g h t  and v a r i o u s  t race  c o n s t i t u e n t s .  
Long term t r e n d s  of t o t a l  ozone ,  as well as t h e  annua l  cycle,  a re  measures of 
n a t u r a l  phenomena, as well as t h e  e f f ec t s  o f  t he  accumula t ion  of  man-made 
t race c o n s t i t u e n t s  upon t h e  ozone layer  i n  t h e  s t r a t o s p h e r e .  The t o t a l  ozone 
c o n t e n t  is a l so  i n d i c a t i v e  of  t he  d e p t h  of  the ozone r i c h  s t r a t o s p h e r e ,  o r  
e q u i v a l e n t l y ,  t h e  h e i g h t  o f  t h e  t ropopause .  T h i s  is related t o  t h e  
t r o p o s p h e r i c  a i r  mass and is a u s e f u l  q u a n t i t y  i n  m o n i t o r i n g  a i r  mass and i n  
improving t h e  sounding a c c u r a c y  of  remote s e n s o r s .  
Ozone has been monitored a l m o s t  e x c l u s i v e l y ,  whether from t h e  ground o r  
s p a c e ,  u s i n g  measurements a t  u l t r a - v i o l e t  f r e q u e n c i e s .  For example,  t h e  T o t a l  
Ozone Mapping Spec t romete r  (TOMS) and S o l a r  Backscatter U l t r a - V i o l e t  (SBUV) 
i n s t r u m e n t s  m o n i t x  t o t a l  r a d i a t i o n  backscattered by  t h e  atmosphere i n  
f r e q u e n c i e s  s e n s i t i v e  t o  ozone a b s o r p t i o n .  Consequen t ly ,  these measurements 
can be t a k e n  o n l y  d u r i n g  the  d a y ,  and i n  p o l a r  r e g i o n s ,  o n l y  d u r i n g  t h e  summer 
ha l f  o f  t h e  y e a r .  HIRS2 h a s  a channe l  i n  t h e  9.6pm ozone a b s o r p t i o n  band. 
Radiances i n  this channe l  a re  s e n s i t i v e  t o  t o t a l  ozone a b s o r p t i o n ,  but  a re  
a l s o  s e n s i t i v e  t o  t h e  ground t e m p e r a t u r e  and a t m o s p h e r i c  temperature-humidi ty  
p r o f i l e ,  as well as c l o u d  character is t ics .  T h e r e f o r e ,  a l l  of  these f a c t o r s  
must be accoun ted  f o r  a c c u r a t e l y  b e f o r e  a c c u r a t e  t o t a l  O3 sound ings  can  be 
performed. There is n o  c o n s t r a i n t  on the l o c a t i o n  of  t h e  s u n  i n  t he  a n a l y s i s ,  
and hence ,  sound ings  can be produced day  and n i g h t ,  as well as a l l  year i n  
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p o l a r  r e g i o n s .  T h i s  g i v e s  t h e  p o t e n t i a l  of twice d a i l y  m o n i t o r i n g  of  t h e  to -  
t a l  ozone as well as t h e  a b i l i t y  t o  s t u d y  f o r  t h e  f i r s t  time t h e  e n t i r e  w i n t e r  
p o r t i o n  o f  t h e  ozone annua l  cycle i n  t h e  p o l a r  r e g i o n s .  
The ozone r e t r i e v a l  is performed as part of  t he  GLA r e t r i e v a l  p r o c e s s  
(Sussk ind  e t  al., 1984; Reuter  e t  a l . ,  1988)  a f t e r  t h e  s u r f a c e  t e m p e r a t u r e  and 
a tmosphe r i c  t empera tu re -humid i ty  p r o f i l e s  have been r e t r i e v e d .  The method of 
r e t r i e v i n g  ozone is ana logous  t o  t h e  r e t r i e v a l  of h u m i d i t y ,  b u t  o n l y  one  
channe l  is u s e d  i n  a manner which scales  t h e  e n t i r e  f i rs t  g u e s s  ozone p r o f i l e  
t a k e n  t o  be zona l ly -ave raged  c l i m a t o l o g y .  
June 1 1 ,  1979 O Z  512 h o u r s  is shown i n  F i g u r e  5a. 
sound ings  were o b t a i n e d  i n  a g i v e n  4 O  x 5" l a t i t u d e - l o n g i t u d e  b i n  d u r i n g  t h e  
24 hour p e r i o d ,  e i ther  because n o  s a t e l l i t e  da t a  were p r e s e n t  o r  a l l  
r e t r i e v a l s  were rejected.  I t  is a p p a r e n t  t h a t  s i n g l e  day re t r ieval  coverage 
is q u i t e  good ( p r o v i d e d  o r b i t s  are  n o t  m i s s i n g  as o f t e n  o c c u r s )  even i n  areas 
of e x t e n s i v e  c l o u d i n e s s .  The a tmosphe r i c  c i r c u l a t i o n  is c l e a r l y  d e p i c t e d  i n  
the  t o t a l  O3 f i e l d s ,  w i t h  h i g h  v a l u e s  g e n e r a l l y  i n d i c a t i n g  a p o l a r  air-mass 
and low v a l u e s  a t r o p i c a l  a i r  mass. T h i s  r e l a t i o n s h i p  is q u i t e  a p p a r e n t  when 
comparing F i g u r e  5a w i t h  F i g u r e  5b ,  which shows r e t r i e v e d  500-1000 mb 
t h i c k n e s s  f o r  t h e  same p e r i o d .  I n  f a c t ,  t h e  thermal f r o n t s  a re  more s h a r p l y  
d e p i c t e d  i n  b o t h  t h e  n o r t h e r n  and s o u t h e r n  hemispheres  i n  t he  0 f i e l d  t h a n  i n  
t h e  h e i g h t  f i e l d .  We a re  c u r r e n t l y  examining ways of  i n c o r p o r a  2 i n g  t h e  O3 
i n f o r m a t i o n  i n t o  t h e  a n a l y s i s  p rocedure .  
The retrieved f i e l d  o f  t o t a l  O3 f o r  
B l a c k  areas mean n o  O3 
While s i n g l e  day O3 f i e l d s  c lear ly  show s y n o p t i c  f e a t u r e s ,  l o n g  term mean 
v a l u e s  a v e r a g e  o u t  these t r o p o s p h e r i c  phenomena and  are i n d i c a t i v e  of t r e n d s  
of O3 c o n c e n t r a t i o n s  i n  t he  s t r a t o s p h e r e .  F i g u r e  6a shows zonal  mean v a l u e s  
of t o t a l  O3 de te rmined  from a n a l y s i s  of HIRS2/MSU data f o r  eve ry  1 / 3  of a 
month from December 21 ,  1978 t o  November 30, 1979. The TCMS zona l  mean f i e l d  
f o r  1979 is shown i n  F i g u r e  6b. Values  a re  a b s e n t  i n  t h e  p o l a r  w i n t e r  because 
of t h e  lack  o f  s u n l i g h t .  Comparison o f  F i g u r e s  6a and 6b i n d i c a t e s  r e a s o n a b l e  
agreement o f  TOMS and H I R S  data.  The HIRS v a l u e s  i n  the  p o l a r  w i n t e r  a l s o  
appea r  r e a s o n a b l e ,  b u t  t he re  is no basis  f o r  comparison. 
T r o p i c a l  v a l u e s  i n  b o t h  f i e l d s  are uniformly low and  ozone g e n e r a l l y  
i n c r e a s e s  polewards,  e s p e c i a l l y  i n  t h e  n o r t h e r n  hemisphere w i n t e r  a n d  s p r i n g .  
The s o u t h e r n  hemisphere shows a n  i n t e r e s t i n g  s t r u c t u r e  i n  l a t e  w i n t e r  and 
s p r i n g  (August-October)  i n  which  a s t r o n g  maximum o c c u r s  a t  a b o u t  50°  s o u t h  
1 . s t i t u d e  coup led  w i t h  a n  i n t e n s e  minimum a t  abou t  70" s o u t h .  T h i s  l a t t e r  fea- 
ture  is known as t h e  l lozone ho le"  which o c c u r s  e v e r y  y e a r  a t  t h i s  time. T o t a l  
ozone has been c o n t i n u o u s l y  monitored by TOMS s i n c e  1979 and  the  zona l  mean 
v a l u e s  o f  t h e  ozone minimum i n  t h e  l 'holell  have decreased from 260 Dobson u n i t s  
i n  1979 t o  150 Dobson u n i t s  i n  1985. The r e a s o n  f o r  t h i s  is unknown and is 
c a u s e  f o r  much i n t e r e s t  and concern.  
An a i r c r a f t  expe r imen t  was conducted i n  t h e  p e r i o d  August 17 ,  1987 - 
September 28, 1987 t o  monitor  O3 and o t h e r  a tmosphe r i c  s p e c i e s  invo lved  i n  the 
O3 photochemical  cycle i n  t h e  r e g i o n  of t h e  0 
used t o  mon i to r  03 from s p a c e  i n  t h i s  expe r imen t ,  b u t  we a l s o  p rov ided  back-up 
, t e m p e r a t u r e ,  and c l o u d  data  i n  n e a r  real  time w i t h  t h e  HIRSZ/MSU sys t em.  
minimum. F l i g h t s  went from 
Punta Arenas ,  C h i l e  t o  t he  A n t a r c t i c a  and bac 2 . TOMS was t h e  main i n s t r u m e n t  
O t l  T ese da ta  may s h e d  some l i g h t  on t h e  f a c t o r s  a f f e c t i n g  t o t a l  O3 i n  t h e  s o u t h  
p o l a r  w i n t e r  and s p r i n g .  
11 
4 
(a) 
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(a) Total  O3 (Dobson u n i t s )  r e t r i e v e d  from TIROS-N HIRS2/MSU 
sound ings  f o r  J u n e  1 1 ,  1979 on a 4 O  x 5"  g r i d .  B l a c k  i n d i c a t e s  
no sound ings  i n  t h e  g r i d  box.  ( b )  500 - 1000 rnb t h i c k n e s s  
(meters) retrieved from TIROS-N HIRS2/ MSU sound ings  on June  1 1 ,  
1979. 
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F i g u r e  6 ( a )  Zonal mean values  of t o t a l  O3 (Dobson u n i t s )  r e t r i e v e d  from 
TIROS-N HIRS2/MSU sound ings  f o r  each  1 /3  of a month f o r  t h e  
p e r i o d  Dee. 21-31, 1978 t o  November 1-10, 1979.  ( b )  A s  i n  (a)  
b u t  f o r  0 3 . d e r i v e d  from TOMS soundings .  
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The f i e l d  o f  t o t a l  0 southward o f  4OoS r e t r i e v e d  from a n a l y s i s  of HIRS2/ 
MSU da ta  from NOAA 10  wit2 a 7:30 A M ,  PM l o c a l  time c r o s s i n g  i s  shown i n  
F i g u r e  7a f o r  t he  24 hour p e r i o d  August 18,  9Z t o  August 19 9Z, 1987. G r a y  
areas i n d i c a t e  da ta  gaps.  The TOMS f i e l d  (on N I M B U S  7 w i t h  a l o c a l  noon o r b i t )  
is shown i n  F i g u r e  7b. TOMS produces no sound ings  i n  t h e  v i c i n i t y  of t h e  
South Pole because of n i g h t t i m e  c o n d i t i o n s ,  even a t  noon. The g e n e r a l  
agreement between t h e  f i e l d s  is q u i t ?  good. Some d i f f e r e n c e s  due t o  sampling 
time are  a p p a r e n t ,  as evidenced by s l i g h t  d i f f e r e n c e s  i n  the l o c a t i o n s  of t h e  
h i g h s  and lows. I t  is i n t e r e s t i n g  t o  n o t e  a re la t ive ly  deep low i n  t he  
HIRS2/MSlJ f i e l d  a t  abou t  78OS, 140OW which is i n  a n  area i n a c c e s s i S l e  by  TOMS. 
The t o t a l  O3 is a f f ec t ed  t o  f i r s t  o r d e r  by two q u a n t i t i e s ,  t h e  d i s t r i b u -  
t i o n  of  t h e  mixing r a t i o  of 0 i n  t h e  s t r a t o s p h e r e ,  which is O3 r i c h ,  and the  
dep th  o f  t h e  s t r a t o s p h e r e ,  which is g iven  by t h e  t ropopause  p r e s s u r e .  F i g u r e  
8a shows t h e  t r o p o p a u s e  pressure determined from t h e  HIRS2/MSU sound ings  of 
t empera tu re .  It  is a p p a r e n t  t h a t  h i g h  v a l u e s  o f  t ropopause  p r e s s u r e ,  which 
co r re spond  t o  a deep s t r a t o s p h e r e ,  do  indeed co r re spond  t o  h i g h  t o t a l  O3 
v a l u e s .  
more of a measure of t r o p o s p h e r i c  c i r c u l a t i o n  ra ther  than  s t r a t o s p h e r i c  
photochemical  p r o c e s s e s ,  a t  l e a s t  on  t h i s  p a r t i c u l a r  day .  F i g u r e  8 b  shows 
a n o t h e r  f i e l d  determined from a n a l y s i s  of  HIRS2/MSU da ta ,  the c loud  t o p  
p r e s s u r e ,  which is a l s o  re la ted  t o  t r o p o s p h e r i c  c i r c u l a t i o n  and is 1 i k e w i s e  
h i g h l y  c o r r e l a t e d  w i t h  t o t a l  03.  
measurements of  c o n c e n t r a t i o n  o f  s p e c i e s  invo lved  i n  t h e  O3 photochemical  
c y c l e  i n  h e l p i n g  t o  u n d e r s t a n d  the  r e l a t i v e  r o l e s  of a tmosphe r i c  dynamics and 
pho tochemis t ry  i n  a f f e c t i n g  t h e  d i s t r i b u t i o n  o f  t o t a l  0 3 .  
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T h i s  i n d i c a t e s  t h a t  t o  f i rs t  o r d e r ,  t h e  t o t a l  O3 f i e l d  a p p e a r s  t o  be 
F i e l d s  s u c h  a s  these complement the  a i r c r a f t  
ComDutation of Outaoina Lonawave R a d i a t i o n  
One of  t h e  most e x c i t i n g  r e c e n t  developments i n v o l v i n g  ou r  s a t e l l i t e  
r e t r i e v a l  research is t h e  computat ion of ou tgo ing  longwave r a d i a t i o n  ( O L R )  
from t h e  GLA r e t r i e v a l  p r o d u c t s .  Outgoing longwave r a d i a t i o n  is p r i m a r i l y  a 
f u n c t i o n  of  ground-temperature  and e m i s s i v i t y ,  t h e  a t m o s p h e r i c  t empera tu re -  
humidity-ozone p r o f i l e ,  and c l o u d  t o p  p r e s s u r e  and  e f f e c t i v e  c loud  f r a c t i o n  
( t h e  p roduc t  of  t h e  f r a c t i o n a l  c loud cove r  and c l o u d  e m i s s i v i t y  a t  1 1  pm 1. 
These parameters a re  a l l  de t e rmined  i n  t h e  c o u r s e  of p roduc ing  the  r e t r i e v a l s  
( t h e  s u r f a c e  e m i s s i v i t y  is pre-determined f o r  l a n d  and o c e a n ,  b u t  ground 
t e m p e r a t u r e  is de te rmined  c o n s i s t e n t  w i t h  t he  assumed e m i s s i v i t y ) .  For  the 
computat ion o f  O L R ,  t h e  sound ing  p r o d u c t s  a re  used as i n p u t  t o  t h e  r a d i a t i v e  
t r a n s f e r  program of  t h e  GLA f o u r t h  o r d e r  GCM, which was pa rame te r i zed  by Wu 
and Kaplan and documented by Krishnamur ti ( 1  982) .  
The i n p u t  pa rame te r s  t o  t h e  r a d i a t i o n  code a r e  t h e  sound ings  of t h e  
a tmosphe r i c  temperature-humidi ty  p r o f i l e s ,  s e a / l a n d  s u r f a c e  t e m p e r a t u r e ,  and 
c loud  t o p  p r e s s u r e  and e f f e c t i v e  c loud  c o v e r ,  as d e r i v e d  from a n a l y s i s  of the 
HIRS2/MSU data.  OLR has beer! computed f o r  e v e r y  month of  t h e  FGGE y e a r .  For 
pu rposes  of t h i s  d i s c u s s i o n ,  t h e  monthly mean v a l u e s  of J u l y  1979 shown i n  
F i g u r e  9a have been chosen.  I n  t h e  t r o p i c s ,  where thermal v a r i a t i o n s  a r e  
r e l a t i v e l y  low,  t he  p a r a m e t e r s  which have t h e  l a r g e s t  e f f e c t  on t h e  OLR a re  
t h e  c loud  t o p  p r e s s u r e  and e f f e c t i v e  c loud  f r a c t i o n .  High e f f e c t i v e  c loud  
f r a c t i o n  with low c l o u d  t o p  p r e s s u r e  ( h i g h  a l t i t u d e )  is  found ove r  areas asso-  
c i a t ed  w i t h  t h e  I n t e r t r o p i c a l  Convergence Zone ( I T C Z )  and the  monsoon. These 
same features show up a s  low v a l u e s  i n  t h e  OLR f i e l d .  High v a l u e s  of OLR are 
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F i g u r e  7 
HlRSlMSU RETRIEVED NOAA 10 OZONE 
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180 
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(a) Total ozone (Dobson u n i t s )  d e r i v e d  from NOAA 10 HIRS2/MSU 
s o u n d i n g s  August 18, 9Z, 1987 - August 19, 9Z, 1987. Grey i n d i -  
cates no sound ing  i n  a g r i d  box. ( b )  A S  in ( a )  b u t  de r ived  from 
TOMS da ta  f o r  a 24  hour p e r i o d  s t a r t i n g  9 h o u r s  ear l ie r .  
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HIRS/MSU RETRIEVED TROPOPAUSE HEIGHTS (MB) 
AUGUST 18 92 - AUGUST 19 92. 1987 
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HIRS/MSU RETRIEVED CLOUD TOP PRESSURE 
AUGUST 18 92 - AUGUST 19 92,1987 
GLOBAL MEAN = 588.03 
F i g u r e  8 ( a )  Tropopause pressure (mb) d e r i v e d  from NOAA 10 H I R S 2 / M S U  
sound ings  August 18, 9Z,  1987 - August 1 9 ,  9Z, 1987. Grey 
i n d i c a t e s  no sounding i n  a g r i d  box.  ( b )  A s  i n  (a )  b u t  f o r  
c loud  t o p  p r e s s u r e  (mb). 
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( a )  Monthly mean values of OLR (W m - 2 >  d e r i v e d  from TIHOS-N 
HIRS2/MS!J sound ings  f o r  J u l y  1979. ( b )  A s  i n  [ a )  b u t  u s i n g  ERB 
data .  
the g l o b a l  mean. 
10  W rn-2 have been added t o  a l l  r e p o r t e d  ERB v a l u e s  and 
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g e n e r a l l y  found immediately t o  t h e  n o r t h  and s o u t h  o f  t h e  c o n v e c t i v e  areas i n  
r e g i o n s  of  s u b s i d e n c e ,  which are  e i ther  r e l a t i v e l y  clear o r  have  s t r a t u s  
c l o u d s  a t  low a l t i t u d e s .  I n  t h e  e x t r a - t r o p i c s ,  OLR g e n e r a l l y  decreases w i t h  
d e c r e a s i n g  t e m p e r a t u r e  and is more c o r r e l a t e d  w i t h  temperature. 
The OLR computed u s i n g  p r o d u c t s  r e t r i e v e d  from t h e  HIRS2/MSU, which w i l l  
be r e f e r r e d  t o  as H I R S  O L R ,  has been compared t o  two o t h e r  d e t e r m i n a t i o n s  of 
OLR, t h e  OLR d e r i v e d  f o r  t h e  narrow band ( -  1 1  pm) measurements o f  Advanced 
Very High R e s o l u t i o n  Radiometer ( A V H R R ) ,  which w i l l  be referred t o  as AVHRR 
OLR,  and t o  t he  OLR d e r i v e d  from the Earth R a d i a t i o n  Budget ( E R B )  broad-band 
(5-50 pm narrow f i e l d  of view o b s e r v a t i o n s  ( N F O V )  of NIMBUS 7 ,  which w i l l  
be referred t o  as ERB O L R .  
I n  g e n e r a l ,  there  is e x c e l l e n t  agreement between t h e  computed HIRS OLR 
High OLR ( -  275 Wm-*) 
f i e l d  shown i n  F i g u r e  9a and t h a t  d e r i v e d  from the  ERB o b s e r v a t i o n s  shown i n  
F i g u r e  9b ,  bo th  i n  p a t t e r n  as well as i n  magnitude. 
is found i n  areas a s s o c i a t e d  w i t h  o c e a n i c  t rade  wind systems, low l e v e l  
s t r a t o c u m u l u s ,  and deserts and s e m i - a r i d  areas ,  and low OLR (<225 Wm-2) is 
found i n  areas a s s o c i a t e d  w i t h  major c o n v e c t i v e  c l o u d  sys t ems  s u c h  as the  ITCZ 
and monsoon, o r  r e g i o n s  hav ing  low t e m p e r a t u r e s  s u c h  a s  t h e  p o l a r  r e g i o n s .  
The AVHRR OLR f i e l d  ( n o t  shown) a l s o  shows good agreement w i t h  the  o t h e r  
two. There a r e  some systematic d i f f e r e n c e s  between a l l  three f i e l d s ,  
however. The monthly mean d i f f e r e n c e  between H I R S  OLR and AVHRR OLR f o r  J u l y  
1979 is shown i n  F i g u r e  loa.  It is a p p a r e n t  t h a t  HIRS v a l u e s  are  
systematically greater i n  areas of h i g h  OLR and lower  i n  areas of  low OLR. 
T h i s  i m p l i e s  t h a t  t h e  AVHRR somewhat damps the  r e s u l t s .  F i g u r e  10b shows t h e  
monthly mean d i f f e r e n c e  o f  HIRS and ERB OLR. The v a l u e s  are  much smaller than  
i n  F i g u r e  l o a ,  b u t  now there a p p e a r s  t o  be a tendency of H I R S  t o  s l i g h t l y  
u n d e r e s t i m a t e  t h e  ex t r eme  v a l u e s  compared t o  ERB. 
T a b l e  2 
S t a t i s t i c s  of  Global  OLR F i e l d s  (Wine2)  J u l y  1979 
F i e l d  Mean Stand.  Dev. 
HIRS 248.3 46.3 
ERB 237.0 48.5 
AVHRR 249.4 43 .4  
H I R  S- E RB 11.3 6.2 
H I  R S- AV HRR - 1 . 1  7.5 
AV HR R - ERB 12.4 10.0 
S t a t i s t i c a l  comparisons of OLR determined from the  three s o u r c e s  are  
shown i n  Table  2 f o r  J u l y  1979. Values g iven  are  means and s t a n d a r d  
d e v i a t i o n s  of  t h e  g l o b a l  OLR f o r  each sys t em as well as co r re spond ing  v a l u e s  
fo r  t h e  d i f f e r e n c e  f i e l d s .  A s  n o t e d  i n  T a b l e  2 ,  t h e  J u l y  1979 g l o b a l  inean 
v a l u e s  of  OLR computed rom HIRS sound ings  and de te rmined  from AVHRR obse rva -  
t i o n s  d i f f e r  by 1 . 1  Wm-’, w h i l e  H I R S  d i f f e r s  i n  t h e  mean from ERB by  11.3 Wm-2 
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F i g u r e  10  ( a >  The d i f f e r e n c e  (W m-*) of OLR f o r  J u l y  1979 d e r i v e d  from 
HIRS2/ MSU sound ings  and  t h a t  d e r i v e d  from AVHRR. Red means 
HIRS2/MSU values  a re  l a r g e r  t h a n  AVHRR.  ( b )  A s  i n  ( a )  b u t  
s u b s t i t u t i n g  ER OLR values f o r  AVHRR values. The color code is  
s h i f t e d  10  W rn-’ t o  account f o r  r e l a t ive  b i a s  i n  ERB va lues .  
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and AVHRR from ERB by 12.4 Wm-*. 
s t a n d a r d  d e v i a t i o n  of 6 .2  Wm-2, HIRS-AVHRR is 7.5 Wmm2, and AVHRR-ERB is 10.0 
Wm-2, which a r e  a l l  computed on t h e  4 O  x 5 O  l a t i t u d e - l o n g i t u d e  g r i d .  
a l l  t he  d i f f e r e n c e s  a r e  small ,  t he  p a t t e r n s  of  t h e  d i f f e r e n c e s  are s y s t e m a t i c  
and i n d i c a t e  t h a t  t h e  d i f f e r e n c e s  a re  re la ted t o  t h e  v a l u e s  o f  OLR themse lves ,  
w i t h  ERB showing the b i g g e s t  dynamic r a n g e ,  H I R S  a c l o s e  second,  and AVHRR 
be ing  t h e  most damped. Th i s  i s  c o n s i s t e n t  w i t h  t h e  v a l u e s  of  t h e  s t a n d a r d  
d e v i a t i o n s  of  t h e  measurement themse lves  w i t h  ERB be ing  l a r g e s t  and AVHRR 
smallest. T h i s  damping e f f e c t  is a l s o  obse rved  i n  t h e  zonal  mean of  OLR f o r  
J u l y  1979 de te rmined  from each ins t rumen t  ( n o t  shown). Values  f o r  ERB have 
been i n c r e a s e d  by 10 Wm-2 (as was done i n  F i g u r e  l o b ) ,  which was the  bias f o r  
t h e  e n t i r e  FGGE yea r  compared t o  H I R S  OLR,  t o  p r o v i d e  a n  easier comparison of 
t h e  r e l a t i v e  zona l  s t r u c t u r e  o f  t h e  three measures of  OLR. 
The HIRS-ERB d i f f e r e n c e  shows a g l o b a l  
While 
The r e l a t i v e  month1 biases of t he  OLR f i e l d s  between a l l  three p r o d u c t s  
v a r i e d  less  t h a n  1.5 Wm-' t h roughou t  t h e  year. 
t i o n )  has i n d i c a t e d  t h a t  a 3 Wm-2 b ias  i n  the  c a l i b r a t i o n  of ERB h a s  been 
found and t h i s  v a l u e  is being added t o  t h e  ERQ OLR v a l u e s .  T h i s  reduces the  
b ias  between HIRS and ERB from 10  t o  
L .  K y l e  ( p r i v a t e  communica- 
- 7 Wm-". 
The r e a s o n a b l e  agreement between the  computed OLR and OLR d e r i v e d  from 
measurements i n d i c a t e s  t h a t  t h e  GLA p h y s i c a l  r e t r i e v a l  system d e r i v e s  
r e l a t i v e l y  a c c u r a t e  s o u n d i n g s ,  and t h e  r a d i a t i v e  t r a n s f e r  code p r o p e r l y  t a k e s  
i n t o  accoun t  t h e  c loud  r a d i a t i v e  p r o p e r t i e s ,  s u r f a c e  c o n d i t i o n s ,  h u m i d i t y ,  and 
t e m p e r a t u r e  v a r i a t i o n s .  T h i s  g i v e s  u s  the a b i l i t y  t o  r e l a t e  v a r i a t i o n s  of  OLR 
i n  s p a c e  and time t o  v a r i a t i o n s  i n  o t h e r  g e o p h y s i c a l  pa rame te r s .  I n  p a r t i c u -  
l a r ,  we have computed OLRCLR, t h e  OLR which would have been obse rved  i f  n o  
c l o u d s  were p r e s e n t ,  wi th  t h e  g e o p h y s i c a l  pa rame te r s  o t h e r w i s e  be ing  iden-  
t i c a l .  T h i s  a l l o w s  f o r  t h e  computation of AOLR , t he  d i f f e r e n c e  between 
OLRcLR and O L R ,  which is t h e  longwave r a d i a t i v e  c l o u d  f o r c i n g ,  a n  i m p o r t a n t  
parameter  t h a t  canno t  b e  measured d i r e c t l y .  
The monthly mean f i e l d  of AOLR f o r  J u l y  1979 is shown i n  F i g u r e  l l a .  
F e a t u r e s  a s s o c i a t e d  w i t h  h i g h  c l o u d s  i n  the  t r o p i c s  a re  c o n s i d e r a b l y  more 
pronounced i n  t h e  AOLR f i e l d  t h a n  i n  t h e  OLR f i e l d  shown i n  F i g u r e  9a.  Part 
of t h i s  enhancement r e s u l t s  from t h e - 2 b i l i t y  t o  use a f i n e r  s ca l e  
( AOLR v a r i e s - 2 y  t h e  o r d e r  of ove r  t h e  g l o b e  whi le  OLR v a r i e s  by  
a b o u t  250 Wm 1. I n  a d d i t i o n ,  most c o n v e c t i o n  o c c u r s  o v e r  t h e  warmest 
s u r f a c e  areas. T h e r e f o r e ,  t h e  e f f ec t  of p a r t i a l  h i g h  c l o u d s ,  which lowers  
t o t a l  OLR,  i s b e i n g  damped by t he  e f f e c t  of u n d e r l y i n g  warmer s u r f a c e  
t e m p e r a t u r e  i n  c lear  p a r t s  of  t h e  s c e n e ,  which i n c r e a s e s  t h e  O L R .  Even more 
s i g n i f i c a n t l y ,  s h a r p  c loud  f e a t u r e s  now appea r  i n  t he  e x t r a - t r o p i c s ,  which 
were masked i n  t h e  OLR f i e l d  i tself  because of large m e r i d i o n a l  thermal 
g r a d i e n t s .  Note,  f o r  example,  t h e  appea rance  i n  F i g u r e  l l a  of  l a r g e  c loud  
e f f e c t s  i n  t h e  v i c i n i t y  50°N-600N, and even more s o ,  a t  50°S-60°S, a r e g i o n  
a s s o c i a t e d  w i t h  w i n t e r  o c e a n i c  s t o r m  t racks.  F i g u r e  1 1  b shows the  monthly 
mean v a l u e s  of  AOLR f o r  J anua ry  1979. Here a g a i n ,  major c o n v e c t i v e  areas 
such  as t h e  I n t e r t r o p i c a l  Convergence Zone, South Pacif ic  Convergence Zone, 
and South A t l a n t i c  Convergence Zone are d e p i c t e d  q u i t e  p rominen t ly .  I n  
a d d i t i o n ,  t h e  w i n t e r  s t o r m  tracks i n  t h e  North A t l a n t i c  and North Pacific 
areas,  which a r e  n o t  a p p a r e n t  i n  t h e  OLR f i e l d  f o r  J anua ry  1979, are q u i t e  
prominent i n  AOLR . 
60 Wm 
Zonal mean v a l u e s  of  AOLR are  shown i n  F i g u r e  12a f o r  J u l y  1979. AOLR 
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OLR HIRS/MSU SOUNDINGS (CLEAR-CLOUDY) 
JANUARY 1979 
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F i g u r e  1 1  ( a )  Monthly mean v a l u e s  of AOLR (W m - 2 >  d e r i v e d  from TIHOS-N 
HIRS2/MSU sound ings  f o r  J u l y  1979. a OLR is r e p r e s e n t a t i v e  of 
t he  longwave c l o u d  r a d i a t i v e  f o r c i n g  and  is  a l s o  i n d i c a t i v e  of 
p r e c i p i t a t i o n .  (b) A s  i n  ( a )  b u t  f o r  Janua ry  1979. 
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has a much s h a r p e r  zonal  s t r u c t u r e  around t h e  I T C Z  t h a n  does O L R ,  as shown i n  
F i g u r e  9a. I n  a d d i t i o n ,  s econda ry  maxima, i n d i c a t i v e  of p r e c i p i t a t i o n ,  occur  
i n  m i d - l a t i t u d e s  which a r e  n o t  a p p a r e n t  i n  F i g u r e  9a.  F igu re  12b shows t h e  
zona l  mean of AOLR f o r  t h e  y e a r  of 1979. O v e r a l l  f e a t u r e s  a r e  similar t o  
t h o s e  i n  F i g u r e  1 2 a ,  bu t  a l o c a l  maximum is found a t  8 O S ,  r e s u l t i n g  from 
i n c r e a s e d  p r e c i p i t a t i o n  i n  t h e  Sou the rn  Hemisphere t r o p i c s  i n  t h e  Nor the rn  
Hemisphere w i n t e r .  The Nor the rn  Hemisphere e x t r a t r o p i c a l  maximum has a l s o  
sha rpened  u p  and moved t o  abou t  36ON, which is i n d i c a t i v e  of  more mid- 
l a t i t u d e - p r e c i p i t a t i o n  i n  t h e  Nor the rn  Hemisphere w i n t e r .  The r e v e r s e  e f f ec t  
has a l s o  o c c u r r e d  i n  t h e  Sou the rn  Hemisphere e x t r a - t r o p i c s .  
P r e c i p i t a t i o n  Estimates Derived From HIRS2/MSU Soundings 
The c l o u d  r a d i a t i v e  f o r c i n g  f i e l d ,  AOLR , is a measure o f  t he  e x t e n t  t o  
which the basic rad ia t ive  s t a t e  of  t he  atmosphere has  been d i s t u r b e d .  F i g u r e s  
l l a  and  l l b  s u g g e s t  t h a t  AOLR is c l o s e l y  re la ted t o  p r e c i p i t a t i o n  w i t h  l a r g e  
v a l u e s  i n d i c a t i v e  o f  large amounts of t h i c k  c l o u d s ,  and a s s o c i a t e d  w i t h  more 
p r e c i p i t a t i o n  e s p e c i a l l y  o v e r  oceans.  P r e c i p i t a t i o n  is i n h i b i t e d  o v e r  l a n d ,  
however,  when t h e  s u r f a c e  t e m p e r a t u r e  i s  h i g h  d u r i n g  t h e  day because h e a t i n g  
from the  ground ra ises  t h e  c loud  base. An i n d i c a t o r  of ground h e a t i n g  and 
p o s s i b l y  c l o u d  base h e i g h t  can  be c o n s t r u c t e d  by u s i n g  the  d i f f e r e n c e  of  
computed clear dayt ime OLR and clear n i g h t i m e  O L R ,  o r  ACLR. Large v a l u e s  O f A C L R  
would t e n d  t o  r e d u c e  p r e c i p i t a t i o n .  Large v a l u e s  of ACLR, i n d i c a t i v e  of  l a r g e  
d i u r n a l  v a r i a t i o n  i n  s u r f a c e  t e m p e r a t u r e ,  a l s o  are  a measure of a n t e c e d e n t  
p r e c i p i t a t i o n  because  d r y  s o i l  heats up much more r a p i d l y  t h a n  moist s o i l .  
R e l a t i n g  monthly mean f i e l d s  of AOLR and ACLR t o  monthly p r e c i p i t a t i o n  
d e r i v e d  from r a i n  gauge measurements ove r  l a n d  by Walker and Min tz  (1988)  f o r  
each month o f  t h e  FGGE y e a r  i n d i c a t e s  t h a t  a r e a s o n a b l e  r e g r e s s i o n  
r e l a t i o n s h i p  e x i s t s  between p r e c i p i t a t i o n  and AOLR and ACLR which is 
p r i m a r i l y  l i n e a r  w i t h  small q u a d r a t i c  terms i n  each v a r i a b l e .  One se t  of  
c o e f f i c i e n t s  was found t o  be a p p l i c a b l e  f o r  t h e  whole g lobe  and t h e  whole 
y e a r .  
F i g u r e  13a shows the  J u l y  1979 monthly mean f i e l d  of  p r e c i p i t a t i o n  
d e r i v e d  u s i n g  t h i s  r e l a t i o n s h i p  on t h e  f i e l d s  of AOLR and ACLR computed from 
t h e  monthly mean HIRS2/MSU sound ing  p r o d u c t s .  A s  e x p e c t e d ,  F i g u r e  13a is 
q u a l i t a t i v e l y  similar t o  
The monthly mean f i e l d  of  p r e c i p i t a t i o n  o b t a i n e d  by Walker and Min tz  from r a i n  
gauge measurements (and degraded t o  a 4 O  x 5 O  r e s o l u t i o n )  is shown i n  F i g u r e  
l3b  f o r  comparison. The agreement  of these two f i e l d s  is q u i t e  r e a s o n a b l e  
when o n e  bears i n  mind t h e  many sources o f  e r ror ,  e s p e c i a l l y  sampl ing  e r r o r s  
s u c h  as t h e  3AM, 3PM l o c a l  time sampling of  HIRS2 da ta ,  and t h e  l i m i t e d  area 
sampling of r a i n  gauge measurements. 
AOLR shown i n  F i g u r e  l l a  e s p e c i a l l y  o v e r  oceans .  
The wet areas o v e r  e a s t e r n  North America, n o r t h  o f  t h e  M e d i t e r r a n e a n ,  t h e  
I T C Z ,  E a s t e r n  Asia and t h e  s o u t h e r n  t i p  of South America, and the  d r y  areas 
o v e r  wes te rn  North America, South America, North and South  Africa, Saudi  
Arabia, and A u s t r a l i a  a re  a l l  r e a s o n a b l y  d e r i v e d .  The r e l a t i v e l y  d ry  area 
over  C e n t r a l  China shown i n  F i g .  13a is a known d r y  c l i m a t o l o g i c a l  f e a t u r e  of 
China f o r  J u l y  [Lau e t  a l .  ( 1 9 8 6 ) l  based on 1 1  years of r a i n  gauge da t a ,  which 
i n c l u d e s  da ta  p rov ided  by Academia Si.nica of  China.  A d r y  zone o v e r  t h e  
Yangtze R i v e r  b a s i n  is c l e a r l y  shown i n  the i r  compi l a t ion .  
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F i g u r e  1 2  Zonal mean v a l u e s  of OLR clear-OLR cloudy (W d e r i v e d  from 
HIRS2/MSU sound ings  f o r  ( a )  J u l y  1979 and ( b )  a l l  of 1979. 
Global mean v a l u e s  a r e  shown. 
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F i g u r e  13 ( a )  Monthly mean f i e l d  o f  p r e c i p i t a t i o n  (mm/day) f o r  J u l y  1979 
d e r i v e d  from HIRS2/MSU soundings.  ( b )  Monthly mean f i e l d  of 
p r e c i p i t a t i o n  (mm/day) f o r  J u l y  1979 d e r i v e d  by  Walker and Min tz  
from FCCE r a i n  gauge measurements (deg raded  t o  4 O x 5 O  
r e s o l u t i o n  1. 
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Over t h e  oceans  there are no  ground t r u t h  measurements a v a i l a b l e .  
N e v e r t h e l e s s ,  the  p a t t e r n s  shown are i n  good agreement  wi th  e x p e c t a t i o n s  based 
on a t m o s p h e r i c  c i r c u l a t i o n .  For example,  i n  J u l y  t h e  major ITCZ is i n  t h e  
Nor the rn  Hemisphere. The e q u a t o r i a l  r a i n  b e l t  a s s o c i a t e d  w i t h  t h e  ITCZ,  the 
monsoon r a i n  band, and r a i n  band a s s o c i a t e d  wi th  t h e  w i n t e r  s t o r m  t racks and 
p o l a r  f r o n t  look r e a s o n a b l e .  The o c e a n i c  d r y  zones a s s o c i a t e d  w i t h  trade wind 
sys t ems  i n  b o t h  hemispheres  are a l s o  r e a s o n a b l e .  
R e s u l t s  D e p i c t i n g  The 1979 FGGE Year 
Annual mean, monthly mean, and 10  day mean f i e l d s  of  a l l  r e t r i e v e d  quan- 
t i t i e s  have  been produced th roughou t  the 1979 FCGE y e a r .  A s  a n  example of  the  
r e s u l t s ,  t h i s  s e c t i o n  w i l l  show select  f i e l d s  on a n  a n n u a l  basis ,  b o t h  as 
g l o b a l  a n n u a l  mean f i e l d s  and zona l  mean f i e l d s  f o r  each 1 0  d a y s  th rough  the  
year. 
Annual mean f i e l d s  of  r a d i a t i v e l y  e f f e c t i v e  c l o u d  f r a c t i o n  ( f r a c t i o n a l  
c loud  cove r  m u l t i p l i e d  by the c l o u d  e m i s s i v i t y  a t  l l p m  and c l o u d  t o p  p r e s s u r e  
are shown i n  F i g u r e s  14a and 14b.  Even though s e a s o n a l  v a r i a t i o n s  have been 
ave raged  o u t ,  v e r y  c lear  annua l  mean c i r c u l a t i o n  p a t t e r n s  showing areas of 
c o n v e c t i o n  (red-high c l o u d s )  and s u b s i d e n c e  (blue-low c l o u d s )  e x i s t .  I t  is 
i n t e r e s t i n g  t o  n o t e  t h e  preferred n o r t h e r n  hemisphere l o c a t i o n  o f  t h e  I T C Z ,  
which is c h a r a c t e r i z e d  by  moderate  amounts of h igh  c l o u d s  i n  t h e  r e g i o n  O o  t o  
160OW. From 60°E t o  16OOW t h e  annua l  mean I T C Z  is c e n t e r e d  rough ly  on t h e  
e q u a t o r .  
The a n n u a l  mean s e a - l a n d  s u r f a c e  s k i n  t e m p e r a t u r e  (3AM, 3PM l o c a l  time, 
a v e r a g e )  and t o t a l  c lear  a i r  p r e c i p i t a b l e  water a r e  shown i n  F i g u r e s  15a and 
15b.  Comparison o f  F i g u r e  15a w i t h  F i g u r e  1 4 b  shows t h a t  areas of  h i g h  c l o u d s  
i n  t h e  t r o p i c s  o v e r  l a n d  co r re spond  t o  areas of  low s u r f a c e  temperature. T h i s  
r e s u l t  is a consequence o f  t h e  low d i u r n a l  v a r i a t i o n  o f  ground temperature i n  
areas of  l a rge  amounts of p r e c i p i t a t i o n .  These same areas a l s o  e x h i b i t  maxima 
i n  t o t a l  p r e c i p i t a b l e  water. Both f i n d i n g s  a re  c o n s i s t e n t  w i t h  t h o s e  o f  a 
r e g i o n a l  s t u d y  which was conducted o v e r  Africa. 
The r e l a t i o n s h i p  of  s u r f a c e  t e m p e r a t u r e  w i t h  c l o u d  he ight  is r e v e r s e d  i n  
t h e  t r o p i c a l  o c e a n s  i n  which areas of h i g h  c l o u d s  co r re spond  t o  warm o c e a n i c  
areas,  which a l s o  c o n t a i n  large amounts of  p r e c i p i t a b l e  water, while areas of  
low c l o u d s  co r re spond  t o  c o l d  o c e a n i c  areas w i t h  a r e l a t i v e l y  d r y  atmosphere.  
T h i s  is c o n s i s t e n t  w i t h  t h e  concep t  of t h e  a t m o s p h e r i c  c i r c u l a t i o n  be ing  
f o r c e d  by t h e  ocean.  The s i t u a t i o n  is more complex, however, because ocean 
t e m p e r a t u r e s  a l s o  r e spond  t o  a t m o s p h e r i c  winds.  
The a n n u a l  mean sea surface t e m p e r a t u r e s  shown i n  F i g u r e  15a a re  i n  f ac t  
v e r y  c l o s e  t o  e x p e c t e d  c l i m a t o l o g i c a l  v a l u e s  (Reynolds ,  1982) .  An a n n u a l  mean 
s e a - s u r f a c e  t e m p e r a t u r e  anomaly f o r  1979 has  been produced by a v e r a g i n g  d a i l y  
anomaly f i e l d s  o b t a i n e d  by s u b t r a c t i n g  Reynolds '  monthly mean sea-surface 
t e m p e r a t u r e  c l i m a t o l o g i c a l  v a l u e s ,  i n t e r p o l a t e d  t o  t h e  s a t e l l i t e  l o c a t i o n  and 
time from t h e  s a t e l l i t e  d e r i v e d  s e a - s u r f a c e  temperatures . ,  These anomaly 
f i e l d s  have a l s o  been produced e v e r y  t e n  days .  The p a t t e r n s  e v o l v e  very 
s l o w l y  th roughou t  t h e  year. It was found t h a t  1979 was n o t  p a r t i c u l a r l y  
anomalous,  b u t  small s y s t e m a t i c  anomaly p a t t e r n s  do e x i s t .  The most s t r i k i n g  
f e a t u r e  i s  a n  0.5O - l . O ° C  c o l d  anomaly i n  t h e  band 10°N - 20°N th roughou t  t h e  
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F i g u r e  1 4  ( a )  Annual nean  r e t r i e v e d  e f fec t ive  c l o u d  f r a c t i o n  ( % )  f o r  t h e  
p e r i o d  December 1978 - November 1979. The g loba l  a n n u a l  mean 
e f f e c t i v e  c l o u d  f r a c t i o n  is 43%. ( b )  Same as (a) b u t  f o r  c l o u d  
t o p  pressure (mb).  The global  a n n u a l  mean c l o u d  t o p  p r e s s u r e  is 
528.6 mb. 
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F i g u r e  15  ( a )  Annual mean r e t r i e v e d  a v e r a g e  of 3PM and 3AM s u r f a c e  s k i n  
t e m p e r a t u r e  (K) f o r  the  p e r i o d  December 1978 - November 1979. 
The g l o b a l  annual  mean is 288.7" K .  ( b )  A s  i n  ( a )  b u t  f o r  c lear  
a i r  p r e c i p i t a b l e  water (cm). The g l o b a l  annua l  mean is 2.26 cm. 
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Pacif ic  Ocean. There was a l s o  a 0.5OC warm anomaly n o r t h  of  45ON i n  t h e  
e a s t e r n  Pac i f ic  and A t l a n t i c  Oceans. 
I n  a d d i t i o n  t o  annua l  mean v a l u e s ,  i t  i s  of  i n t e r e s t  t o  l o o k  a t  temporal  
changes of a number of geophys ica l  q u a n t i t i e s .  F i g u r e s  16a and 16b show the  
zona l  mean c loud  f r a c t i o n  and c loud  t o p  p r e s s u r e  ave raged  o v e r  e v e r y  t h i r d  of  
a month ( rough ly  1 0  day p e r i o d s )  f o r  t h e  p e r i o d  December 2 1 ,  1978 t o  November 
30, 1979. Areas of  l a r g e  amounts of  c l o u d i n e s s  are  shown i n  r e d  i n  F i g u r e  16a 
and h i g h  c l o u d s  (low c loud  t o p  p r e s s u r e s )  a r e  shown i n  r e d  i n  F i g u r e  16b. The 
temporal  motion of t he  I T C Z ,  which is c h a r a c t e r i z e d  by moderate amounts of  
h i g h  c l o u d s  i n  the  v i c i n i t y  of the  e q u a t o r ,  is c lear ly  observed i n  F i g u r e s  16a 
and 16b. T h i s  r e g i o n  is c e n t e r e d  abou t  8 O S  l a t i t u d e  i n  t h e  p e r i o d  December 
th rough  ea r ly  March, and is c e n t e r e d  abou t  8 O N  i n  June  through October .  The 
r e g i o n  of  t h e  I T C Z  is a l s o  narrower i n  t h e  summer and it is i n t e r e s t i n g  t o  
n o t e  t h a t  i t  o n l y  b e g i n s  its r e t u r n  t o  t he  s o u t h e r n  hemisphere i n  l a t e  
November. The r e g i o n s  immedia t e ly  n o r t h  (or s o u t h )  of t h e  I T C Z  are  charac- 
t e r i z e d  by  t he  e x i s t e n c e  of  small amounts of very low c l o u d s  i n  t h e  w i n t e r  
s e a s o n ,  b u t  have more mid - l eve l  c l o u d s  i n  t h e  summer. 
F i g u r e s  17a and 17b show zona l  mean v a l u e s  of  s u r f a c e  s k i n  t e m p e r a t u r e  
and clear-air  p r e c i p i t a b l e  water f o r  t h e  same p e r i o d .  Both f i e l d s  have 
p a t t e r n s  which are  v e r y  similar t o  each o t h e r  w i t h  s u r f a c e  s k i n  t e m p e r a t u r e  
and humid i ty  c l o s e l y  fo l lowing  t h e  s e a s o n a l  cyc le .  The a m p l i t u d e  of t h e  
o s c i l l a t i o n  is v e r y  small i n  t h e  s o u t h e r n  hemisphere,  which is  mos t ly  o c e a n ,  
and  i n c r e a s e s  toward t h e  n o r t h  w i t h  t h e  la rges t  a m p l i t u d e s  northward of 40°N 
l a t i t u d e .  However, t h i s  s e a s o n a l  dependence a t  h i g h  l s t i t u d e s  was a l m o s t  
t o t a l l y  a b s e n t  i n  t h e  c l o u d  parameters. 
F i g u r e  18a shows the  z o n a l  mean v a l u e s  of OLR.  I n  t h e  t r o p i c s ,  t h e  
p a t t e r n s  of OLR c l e a r l y  f o l l o w  t h o s e  of  t h e  c loud  p a r a m e t e r s ,  and t h e  motion 
of t h e  ITCZ and t h e  s u r r o u n d i n g  area of  s u b s i d e n c e  is c l e a r l y  obse rved .  I n  
t he  e x t r a - t r o p i c s ,  OLR p a t t e r n s  s t r o n g l y  resemble t h o s e  o f  ground tempera- 
ture .  T h i s  occurs because  the  c o l d e r  ground l eads  t o  lower  v a l u e s  of OLR i n  
clear areas,  and a l s o  produces c o l d e r  a i r  and c o l d e r  cloud:; g i v i n g  lower 
v a l u e s  of  OLR i n  c loudy  areas as well .  I n  a d d i t i o n ,  the  z o n a l  mean c loud  
pa rame te r s  show v e r y  l i t t l e  temporal  s t r u c t u r e  i n  t h e  e x t r a - t r o p i c s .  The 10  
day z o n a l  mean v a l u e s  of OLRCLR-OLR a r e  shown i n  F i g u r e  18b. The thermal 
e f f e c t s  e v i d e n t  i n  F i g u r e  18a are  n o  l o n g e r  p r e s e n t .  Moreover,  t h e  c l o u d  
e f f ec t s  i n  t h e  t r o p i c s  are  much bet ter  d e f i n e d  i n  F i g u r e  18b t h a n  i n  18a, and 
c l o u d  f o r c i n g ,  which is i n d i c a t i v e  of  p r e c i p i t a t i o n ,  now shows large v a l u e s  i n  
m i d - l a t i t u d e s ,  e s p e c i a l l y  i n  t h e  n o r t h e r n  hemisphere w i n t e r  when s t o r m s  are 
p r e v a l e n t  o v e r  t h e  o c e a n s .  
111. NUMERICAL WEATHER PREDICTION (J .  P f a e n d t n e r )  
Fourth-Order Model Development (H. M .  He l f and ,  Y .  Sud) 
The h o r i z o n t a l  r e s o l u t i o n  of t he  GLA Fourth-Order Weather F o r e c a s t  Model 
has  been doubled by changing from a 4 O  l a t i t u d e  by 5O l o n g i t u d e  t o  a 2O 
l a t i t u d e  by 2.5O l o n g i t u d e  g r i d .  As can be s e e n  i n  F i g u r e  1 9 ,  t h i s  has added 
abou t  24 h o u r s  of u s e f u l  p r e d i c t i v e  s k i l l  t o  f o r e c a s t s  of s e a - l e v e l  p r e s s u r e  
(SLP) and 6 t o  12  h o u r s  of  u s e f u l  s k i l l  t o  500 mb g e o p o t e n t i a l  h e i g h t  f i e l d  
F i g u r e  16 
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( a )  Zonal mean e f f e c t i v e  c l o u d  f r a c t i o n  ( k )  e v e r y  1 /3  of a month 
f o r  t h e  per iod December 21-31, 1978 t o  November 21-30, 1979. 
(b) A s  i n  (a )  b u t  f o r  c l o u d  t o p  p r e s s u r e  (mb).  
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(a )  Zonal mean a v e r a g e  of 3PM and 3AM s u r f a c e  s 
(K) e v e r y  1 / 3  of a month f o r  t h e  p e r i o d  Decembe 
November 21-30, 1979. ( b )  As i n  ( a )  b u t  f o r  e l  
p r e c i p i t a b l e  water (cm). 
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( a )  Zonal mean ou tgo ing  longwave r a d i a t i o n  (W rn-2)  computed from 
HIRS2/MSU sound ings  e v e r y  1 /3  of a month f o r  t h e  per iod December 
21-31,  1978 t o  November 21-30, 1979. ( b )  A s  i n  ( a )  b u t  f o r  t h e  
d i f f e r e n c e  of OLR computed assuming c lear  c o n d i t i o n s  and  t h a t  
computed u s i n g  r e t r i e v e d  c l o u d  c o n d i t i o n s .  
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F i g u r e  1 9  Ensemble mean anomaly c o r r e l a t i o n s  f o r  500 m b  g e o p o t e n t i a l  
h e i g h t  ( t o p  p a n e l )  and  s e a - l e v e l  p r e s s u r e  (bottom p a n e l )  o v e r  
t h e  e x t r a t r o p i c s  of t he  Northern Hemisphere. The heavy l i n e  
r e p r e s e n t s  a n  ensemble of 5 w i n t e r  f o r e c a s t s  w i t h  t h e  4 O  by 5 O  
model w i t h o u t  gravi ty-wave d rag .  The s o l i d  and dashed l i n e s  
r e p r e s e n t  ensembles w i t h  t h e  2 O  by 2 . 5 O  model w i t h  and  wi thou t  
qravi ty-wave d r a g ,  r e s p e c t i v e l y .  
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c 
I 
p r e d i c t i o n s  o v e r  t h e  e x t r a t r o p i c s  of  t h e  Nor the rn  Hemisphere. An anomaly 
c o r r e l a t i o n  c o e f f i c i e n t  greater t h a n  0.6 i s  c o n s i d e r e d  t o  be  i n d i c a t i v e  of  
u s e f u l  p r e d i c t i v e  s k i l l .  Over Europe, SLP f o r e c a s t s  have improved by 24 h o u r s  
a f t e r  3 l/2days and 500 mb f o r e c a s t s  have improved by  t h a t  amount by day  4 
( F i g u r e  2 0 ) .  F o r e c a s t  improvements o v e r  North America ( F i g u r e  21 )  are e q u a l l y  
i m p r e s s i v e .  However, a f t e r  6 l/2 t o  7 d a y s ,  t he  anomaly c o r r e l a t i o n s  f o r  the  
c o a r s e - r e s o l u t i o n  model exceed t h o s e  o f  t h e  f i n e - r e s o l u t i o n  model ( a l t h o u g h  
t h e  a v e r a g e  c o r r e l a t i o n s  f o r  t h i s  time s i g n i f y  a l o s s  of  u s e f u l  s k i l l  a t  
e i ther  r e s o l u t i o n ) .  T h i s  "c rossove r"  i n  r e s o l u t i o n  impact can  be a t t r i b u t e d  
t o  the  e x c e s s i v e  "climate d r i f t "  of t h e  f i n e - r e s o l u t i o n  model. 
Fol lowing the work of Palmer e t  a l .  (1986)  and McFarlane ( 1 9 8 7 ) ,  a 
s u b g r i d - s c a l e ,  o r o g r a p h i c  gravity-wave-drag (GWD)  p a r a m e t e r i z a t i o n  has  been 
i n t r o d u c e d  i n t o  t h e  h i g h - r e s o l u t i o n  model t o  a l l e v i a t e  t h e  e r r o r s  and biases 
a s s o c i a t e d  w i t h  t h e  model 's  climate d r i f t .  The f i n e - r e s o l u t i o n  f o r e c a s t  
ensemble has been r e p e a t e d  w i t h  t h e  GWD p a r a m e t e r i z a t i o n .  Anomaly 
c o r r e l a t i o n s  f o r  Nor the rn  Hemisphere e x t r a t r o p i c a l  SLP ( F i g u r e  1 9 )  have 
improved a f t e r  day 6 and t h e  r e s o l u t i o n  ' Icrossoverf t  has been d e l a y e d  by one  
day .  Improvements i n  500 mb h e i g h t  anomaly c o r r e l a t i o n s  are  less  e v i d e n t ,  b u t  
the GWD scheme has resu l ted  i n  smaller rms e r r o r s  i n  both s c o r e s  th roughou t  
t h e  e n t i r e  f o r e c a s t  p e r i o d .  S k i l l  a t  the 500 mb l e v e l  has been improved i n  
t h e  GWD ensemble a f t e r  6 days  o v e r  Europe ( F i g u r e  2 0 )  and a f t e r  5 d a y s  o v e r  
North America ( F i g u r e  21 ). More dramatic is t h e  improvement i n  s e a - l e v e l -  
pressure f o r e c a s t  s k i l l  o v e r  Europe; however, there is a loss of SLP s k i l l  
ove r  North America a f t e r  3 days .  
These r e s u l t s  s u g g e s t  t h a t  t h e  gravi ty-wave-drag p a r a m e t e r i z a t i o n  g i v e s  
a n  o v e r a l l  improvement t o  the  h i g h - r e s o l u t i o n  GLA model, b u t  t h a t  f u r t h e r  
development of  t h e  GWD p a r a m e t e r i z a t i o n  is n e c e s s a r y ,  e s p e c i a l l y  as regards 
forecast  s k i l l  ove r  North America. Accord ing ly ,  s t u d i e s  a re  b e i n g  carried o u t  
on t h e  e f f ec t s  of modifying t h e  scheme's lower and uppe r  boundary c o n d i t i o n s  
and its s p e c i f i c a t i o n  of  t h e  v e r t i c a l  d i s t r i b u t i o n  of wave- s t r e s s  d i v e r g e n c e .  
The Arakawa-Schubert (1974)  cumulus p a r a m e t e r i z a t i o n  scheme has been 
implemented i n  t h e  Fourth-Order Model t o g e t h e r  wi th  p a r a m e t e r i z a t i o n s  f o r  ( a )  
t h e  e v a p o r a t i o n  of r a i n d r o p s  f a l l i n g  from s t r a t i f o r m  and c o n v e c t i v e  c l o u d s ,  
( b )  t he  r a d i a t i v e  feedback d u e  t o  f r a c t i o n a l  c loud-cove r ,  and ( c )  the  
d i f f u s i o n  o f  m o i s t u r e  and momentum due t o  d r y  convec t ion .  These changes have 
l e d  t o  a n  improved s i m u l a t i o n  of  t h e  J u l y  c l i m a t o l o g y  and  t o  a bet ter  f o r e c a s t  
of t he  P r e s i d e n t s '  Day Storm of Februa ry  1979. ( F i g u r e  2 2 ) .  
The development of a nonuniformly-spaced 1 2 - l e v e l  v e r s i o n  of  t h e  GLA 
model has c o n t i n u e d  w i t h  three layers i n  t h e  l o w e s t  100 mb. T h i s  model 
e x p l i c i t l y  r e s o l v e s  the  v e r t i c a l  s t r u c t u r e  and dynamics of  t he  p l a n e t a r y  
boundary l a y e r  ( P B L )  by u s i n g  Monin-Obukhov s i m i l a r i t y  t h e o r y  t o  p r e d i c t  t h e  
s t r u c t u r e  of  t he  ex tended  s u r f a c e  l a y e r  and a second-order  t u r b u l e n c e  c l o s u r e  
model t o  p r e d i c t  t u r b u l e n t  f l u x e s  between the  r e s o l v e d  l a y e r s .  The model is 
r u n  w i t h  the  Arakawa-Schubert cumulus p a r a m e t e r i z a t i o n ,  t h e  e v a p o r a t i o n  of 
f a l l i n g  r a i n d r o p s ,  and f r a c t i o n a l  c loud  c o v e r .  
The 1 2  layer  model has produced a s l i g h t l y  more s k i l l f u l  forecast  f o r  the 
p e r i o d  o f  t h e  P r e s i d e n t ' s  Day Storm t h a n  has  t h e  s t a n d a r d  9 - l a y e r  model w i t h  
the  Arakawa-Schubert p a r a m e t e r i z a t i o n  and o t h e r  m o d i f i c a t i o n s  ( F i g u r e  2 3 ) .  
F u r t h e r  t e s t i n g  o f  t h e  12-layer model is c u r r e n t l y  i n  p r o g r e s s .  
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F i g u r e  20 The same as  F i g u r e  19 b u t  over Europe.  
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The same as F i g u r e  19 b u t  over North America. 
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F i g u r e  22 The P r e s i d e n t s '  Day Storm. The t o p  pane l  i s  a European C e n t r e  
a n a l y s i s  f o r  sea-level p r e s s u r e  f o r  00 GMT 21 February 1979. 
The m i d d l e  and bottom p a n e l s  are 72-hour SLP f o r e c a s t s  f o r  t h i s  
time by the  2 O  by 2 . 5 O  GLA model ( w i t h  gravity-wave d rag )  w i t h  
and w i t h o u t  t h e  Arakawa-Schubert cumulus p a r a m e t e r i z a t i o n ,  
res pe c ti ve ly  . 
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F i g u r e  23 Anomaly c o r r e l a t i o n s  f o r  500 mb g e o p o t e n t i a l  h e i g h t  and sea- 
l e v e l  p r e s s u r e  f o r  t he  e x t r a t r o p i c s  of t h e  Nor the rn  Hemisphere 
f o r  f o r e c a s t s  i n i t i a t e d  from 00 GMT 18 F e b r u a r y  1979. The heavy 
l i n e  r e p r e s e n t s  a f o r e c a s t  w i t h  t h e  s t a n d a r d  9 - l a y e r  model w i t h  
Arakawa-Shubert p a r a m e t e r i z a t i o n  while  t h e  1 i g h t  1 i n e  r e p r e s e n t s  
a f o r e c a s t  w i t h  t he  1 2 - l a y e r  model w i t h  t he  " e x p l i c i t l y  r e s o l v e d  
PBL" and the  Arakawa-Schubert scheme. 
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1 Four-Dimensional Data A s s i m i l a t i o n  (W. Baker, S. Bloom , J. P f a e n d t n e r )  
The o b j e c t i v e  of four-dimensional  data a s s i m i l a t i o n  is the  p r o d u c t i o n  of 
a b l end  of  o b s e r v a t i o n a l  data and model-produced f o r e c a s t  f i e l d s  on a r e g u l a r  
t h ree -d imens iona l  s p a t i a l  g r i d  a t  r e g u l a r  time i n t e r v a l s .  T h i s  b l end  of  
o b s e r v a t i o n s  and f o r e c a s t  f i rs t  g u e s s ,  the  a n a l y s i s ,  must b e  c o n s i s t e n t  wi th  
b o t h  the  dynamics o f  t he  atmosphere and wi th  known o r  p l a u s i b l e  e r r o r  
charac te r i s t ics  of t h e  o b s e r v a t i o n s  and the  f o r e c a s t  f ield,s.  The a n a l y s e s  can 
be used t o  i n i t i a l i z e  f o r e c a s t  models f o r  numerical  weather p r e d i c t i o n .  I n  
a d d i t i o n ,  t o g e t h e r  w i t h  d i a g n o s t i c  q u a n t i t i e s  s u c h  as h e a t i n g  r a t e s ,  v e r t i c a l  
v e l o c i t y ,  and p r e c i p i t a t i o n  g e n e r a t e d  by t h e  model d u r i n g  the  data 
a s s i m i l a t i o n  p r o c e s s e s ,  t h e  a n a l y s e s  are used  i n  d i a g n o s t i c  i n v e s t i g a t i o n s  o f  
t he  g e n e r a l  c i r c u l a t i o n .  
A t  GMSB, r e c e n t  d a t a  a s s i m i l a t i o n  research has focused  on t h e  development 
and r e f i n e m e n t  of a n  optimum i n t e r p o l a t i o n  (01) o b j e c t i v e  a n a l y s i s  scheme. 
Such a scheme is c u r r e n t l y  u s e d  by most o p e r a t i o n a l  g l o b a l  f o r e c a s t  c e n t e r s  
and  research groups.  A main s t r e n g t h  of  t he  01 approach is  its e x p l i c i t  u s e  of 
o b s e r v a t i o n a l  and f o r e c a s t  e r r o r  s t a t i s t i c s .  T h i s  f e a t u r e  (of 01 is e s p e c i a l l y  
i m p o r t a n t  i n  a research environment  s u c h  as t h a t  a t  GMSB. I n v e s t i g a t i o n s  and 
e v a l u a t i o n s  of  e x i s t i n g  and f u t u r e  satel l i te-based components of  t h e  
m e t e o r o l o g i c a l  o b s e r v i n g  s y s t e m  p l a y  a l a r g e  r o l e  i n  t h e  r e s e a r c h  program. 
Because i n s t r u m e n t  e r r o r  charac te r i s t ics  a re  a n  i n t e g r a l  p a r t  of t h e  01 
p r o c e s s ,  t h e  01 is i d e a l l y  s u i t e d  t o  h e l p  q u a n t i f y  t h e  expected b e n e f i t s  of 
a l t e r n a t e  o b s e r v i n g  sys t em c o n f i g u r a t i o n s  and i n s t r u m e n t  d e s i g n s ,  
The 01 is d e s c r i b e d  i n  d e t a i l  i n  Baker e t  a l .  (1987).  Two v e r s i o n s  have 
been deve loped ,  a 12 l e v e l ,  t h r e e - d i m e n s i o n a l ,  t r o p o s p h e r i c  v e r s i o n  w i t h  a t o p  
a n a l y s i s  l e v e l  a t  50 mb, and a n  18 l e v e l ,  two d imens iona l  t r o p o s p h e r i c -  
s t r a t o s p h e r i c  v e r s i o n  w i t h  a t o p  a n a l y s i s  l e v e l  a t  0.4 mb. T h i s  l a t t e r  
v e r s i o n  is coup led  w i t h  a t r o p o s p h e r i c - s t r a t o s p h e r i c  model and is d iscussed  i n  
t he  n e x t  s u b - s e c t i o n .  The 01 is m u l t i v a r i a t e  i n  s u r f a c e  p r e s s u r e  and the  
s u r f a c e  wind components o v e r  t h e  oceans.  I n  c o n t r a s t  t o  t he  g e o s t r o p h i c  
c o u p l i n g  used  f o r  t h e  height-wind a n a l y s i s  a t  t h e  a tmosphe r i c  l e v e l s  o v e r  t h e  
s u r f a c e ,  t h e  01 u s e s  a form of  Ekman ba lance  fo r  the  o c e a n i c  pressure-wind 
s u r f  ace a n a l y s i s .  
F i g u r e  24 d e p i c t s  t he  main f e a t u r e s  of  t h e  fou r -d imens iona l  data 
a s s i m i l a t i o n  sys t em proposed f o r  u s e  w i t h  da ta  from t h e  Earth Observing System 
(Eos )  i n s t r u m e n t s .  An i m p o r t a n t  and un ique  f e a t u r e  o f  t h i s  system is t h a t  t h e  
r e t r i e v a l  p r o c e s s  ( computat ion of geophys ica l  parameters f inom space- borne 
i n s t r u m e n t  d a t a )  i s  done i n t e r a c t i v e l y  d u r i n g  t h e  data  a s s i m i l a t i o n  p r o c e s s .  
The c u r r e n t  p r o t o t y p e  sys t em i n c l u d e s  t h e  GLA p h y s i c a l  r e t r i e v a l  method 
( d e s c r i b e d  i n  S e c t i o n  111.) which p r o v i d e s  t e m p e r a t u r e  and m o i s t u r e  sound ings  
as well as estimates of  s u r f a c e  t e m p e r a t u r e ,  a l b e d o ,  c loud  h e i g h t  and amount, 
and t o t a l  ozone u s i n g  t h e  HIHS2 and MSU r a d i a n c e  data from t h e  NOAA p o l a r  
o r b i t e r s  
A t  p r e s e n t ,  o n l y  t h e  t e m p e r a t u r e  sound ings  a re  be ing  used i n  t he  
1 U n i v e r s i t i e s  Space Research A s s o c i a t i o n  
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Figure  24  Schematic flow diagram of the proposed Eos in te rac t ive  
analysis/forecast/retrieval system. 
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subsequen t  data a s s i m i l a t i o n ,  b u t  t he  q u a l i t y  of t h e  o t h e r  g e o p h y s i c a l  
p a r a m e t e r s ,  which a re  i n t e r e s t i n g  i n  t he i r  own r i g h t ,  is a l s o  p o t e n t i a l l y  
improved because the  re t r ieva l  p r o c e s s  b e n e f i t s  from t h e  a c c u r a t e  f i r s t  g u e s s  
i n f o r m a t i o n  p rov ided  by t h e  model. P r e s e n t  and f u t u r e  research w i l l  be aimed 
a t  i n c r e a s i n g  t h e  in t e rdependences  and f eed-Sacks i n  t h e  s y s  tern by 
a s s i m i l a t i n g  a d d i t i o n a l  pa rame te r s .  For example,  u s e  of  t h e  h u m i d i t y  p r o f i l e s  
i n  t h e  subsequen t  m o i s t u r e  a n a l y s i s  and t h e  sea s u r f a c e  t e m p e r a t u r e  
r e t r i e v a l s  t o  perform a sea s u r f a c e  temperature anomaly a n a l y s i s  s h o u l d  
improve t h e  accu racy  of t h e  e n t i r e  s y s t e m .  Comparison of  model-produced c l o u d  
i n f o r m a t i o n  w i t h  c loud parameters produced by t h e  r e t r i e v a l s  a l l o w s  f o r  
c o n s i s t e n c y  checks and a means of improving o u r  unde r s t and ing  of  c loud  
p r o c e s s e s .  
I n  a d d i t i o n ,  t h e  sys t em p r o v i d e s  a n  o p t i m a l  framework i n  which t o  do t h e  
r e t r i e v a l  p r o c e s s  f o r  new space-borne i n s t r u m e n t s .  More s o p h i s t i c a t e d  
r e t r i e v a l  a l g o r i t h m s  des igned  t o  make u s e  of  t h e  h i g h  q u a l i t y  a t m o s p h e r i c  
s t a t e  v a r i a b l e s  and o t h e r  f i r s t  guess da ta  p rov ided  by t he  system c a n n o t  h e l p  
b u t  be more a c c u r a t e  t h a n  t h o s e  which d o  n o t  have t h e  advantage of t h i s  
a d d i t i o n a l  i n f o r m a t i o n .  For example,  there i s  a n  a c t i v e  program aimed a t  
u s i n g  t h e  d a t a  a s s i m i l a t i o n  system and t h e  f irst  g u e s s  i n f o r m a t i o n  i t  p r o v i d e s  
t o  r e t r i eve  dynamical ly  c o n s i s t e n t  o c e a n i c  s u r f a c e  wind f i e l d s  from 
s c a t t e r o m e t e r  da ta .  P l a n s  have a l s o  been i n i t i a t e d  t o  i n c o r p o r a t e  data and  
r e t r i e v a l  p r o c e s s e s  f o r  f u t u r e  i n s t r u m e n t s  s u c h  as A I R S  (Atmospheric I n f r a r e d  
S o u n d e r ) ,  MODIS (Moderate-Resolut ion Imaging S p e c t r o m e t e r ) ,  NSCAT (NASA 
S c a t t e r o m e t e r  1, and LAWS (Laser Atmospheric Wind Sounder )  i n t o  t h e  f o u r -  
d imens iona l  data  a s s i m i l a t i o n  s y s t e m .  
1 Stratospheric/Tropospheric Data A s s i m i l a t i o n  Sys tem ( W .  B a k e r ,  K .  Takano ) 
A f o u r  - d i  mens i o n a l  s t r a t os pher i c/  t r  opos phe r i c data  as si m il a t i o n  sys t em 
w i t h  a t o p  a n a l y s i s  l e v e l  a t  3 . 4  mb (Takano e t  a l . ,  1987)  has been deve loped  
and u s e d  t o  produce p h y s i c a l l y - c o n s i s t e n t  g r i d d e d  a n a l y s e s  for the 
s t r a t o s p h e r e  as well as t h e  t r o p o s p h e r e .  The system c o n s i s t s  of  a two- 
d imens iona l  optimum i n t e r p o l a t i o n  a n a l y s i s  scheme w i t h  a 19 l e v e l  
stratospheric/tropospheric g e n e r a l  c i r c u l a t i o n  model. S t r a t o s p h e r i c  data 
i n c l u d i n g  LIMS (Limb I n f r a r e d  Monitor o f  t h e  S t r a t o s p h e r e  ),  TIROS-N 
r e t r i e v a l s ,  r o c k e t s o n d e s ,  and VTPR (Vertical Temperature  P r o f i l e  Radiometer)  
sound ings  are used i n  a d d i t i o n  t o  t h e  o t h e r  FGGE l e v e l  I I b  data .  
Through t h e  use  o f  t h i s  system, p h y s i c a l l y - c o n s i s t e n t  mass and motion 
f i e l d s  a re  o b t a i n e d ,  as well as o t h e r  q u a n t i t i e s  n o t  d i r e c t l y  measured s u c h  as 
s t r a t o s p h e r i c  v e r t i c a l  v e l o c i t y  and hea t  and momentum f l u x e s .  These c a n  t h e n  
be used t o  s t u d y  t h e  s t r a t o s p h e r i c  g e n e r a l  c i r c u l a t i o n  w i t h o u t  t h e  need t o  
assume g e o s t r o p h i c  winds i n  t h e  s t r a t o s p h e r e ,  as was r e q u i r e d  i n  p r e v i o u s  
s t u d i e s .  I n  a d d i t i o n ,  the  t e m p e r a t u r e  and motion f i e l d s  produced by t h e  
system are e s s e n t i a l  f o r  s t r a t o s p h e r i c  c o n s t i t u e n t  t r a n s p o r t  and s t r a t o s p h e r i c  
chemistry s t u d i e s .  
When the  stratospheric/tropospheric model is i n i t i a l i z e d  u s i n g  t h e  
op ti mum i n t e r  p o l  a t  i o n  s t ra t  os phe r i c / t r opos ph er i c a n a l  y s i s , it p roduces  a 
1 Courant  I n s t i t u t e  of Mathematics 
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s i g n i f i c a n t l y  more s k i l l f u l  medium range  p r e d i c t i o n  t h a n  when i n i t i a l i z e d  
u s i n g  p r e v i o u s l y  a v a i l a b l e  NMC s t r a t o s p h e r i c  t e m p e r a t u r e  a n a l y s e s  winds 
d e r i v e d  g e o s t r o p h i c a l l y .  F i g u r e  25 compares t he  mean z o n a l  winds p r e d i c t e d  by 
the  model a t  d a y s  4 and 10 f o r  two f o r e c a s t s .  The i n i t i a l  c o n d i t i o n s  f o r  1 2  
GMT, 17 Februa ry  1979 f o r  these  two f o r e c a s t s  a re  a l s o  shown. I n  t h e  one  
case, t h a t  labeled GLA/NMC,  t h e  i n i t i a l  c o n d i t i o n s  were created by combining 
t h e  GLA t r o p o s p h e r i c  a n a l y s i s  w i th  t h e  o p e r a t i o n a l  NMC s t r a t o s p h e r i c  
a n a l y s i s .  The o t h e r  i n i t i a l  c o n d i t i o n s ,  l abe led  01, were o b t a i n e d  from the 
s t r a t o s p h e r i c  optimum i n t e r p o l a t i o n  s y s t e m .  After f o u r  d a y s ,  bo th  f o r e c a s t s  
and t h e  v e r i f y i n g  01 a n a l y s i s  e x h i b i t  eas te r l ies  i n  t he  p o l a r  s t r a t o s p h e r e  
a s s o c i a t e d  w i t h  t he  sudden s t r a t o s p h e r i c  warming descend ing  i n t o  t h e  lower  
s t r a t o s p h e r e .  The f o r e c a s t  eas te r l ies ,  e s p e c i a l l y  i n  t h e  01 case, a r e  weaker 
t h a n  i n  t h e  V e r i f i c a t i o n .  However, a f t e r  10  d a y s  bo th  t h e  01 v e r i f i c a t i o n  and 
t h e  01 f o r e c a s t  show much s t r o n g e r  eas te r l ies  whereas the  GLA/NMC f o r e c a s t  has 
no  eas te r l ies  a t  a l l .  The s t r a t o s p h e r i c  w e s t e r l y  j e t  is a l s o  bet ter  
r e p r e s e n t e d  i n  t h e  01 f o r e c a s t .  The s u b t r o p i c a l  j e t  is well r e p r e s e n t e d  i n  
both e x p e r i m e n t s  t h roughou t  t h e  p r e d i c t i o n .  
Numerical P r e d i c t i o n  Experiments  Related t o  the  Summer 1980 U.S. ~ - _ _ I -  Heat Wave ----- 
( R .  Atlas,  N .  Wolfson’,  Y .  Sud) 
A d i a g n o s t i c  s t u d y  and  numer i ca l  expe r imen t s  a re  be ing  conduc ted  w i t h  t h e  
GLA f o u r t h - o r d e r  model i n  o r d e r  t o  s t u d y  t h e  i n i t i a t i o n ,  ma in tenance ,  and 
decay of t h e  s e v e r e  summer 1980 U.S. heat wave and d rough t  a s  well as t h e  
p r e d i c t a b i l i t y  o f  similar e v e n t s .  T h i s  has c o n s i s t e d  o f :  ( 1 )  a n  a n a l y s i s  of 
t h e  wave s t r u c t u r e  a s s o c i a t e d  w i t h  t h e  summmer 1980 heat wave and a comparison 
of  t h i s  wave s t r u c t u r e  w i t h  c l i m a t o l o g y  and w i t h  o t h e r  anomalous years, (2) 
t he  development of  a n  o b j e c t i v e  p rocedure  f o r  c h a r a c t e r i z i n g  heat waves i n  
numer i ca l  model p r e d i c t i o n s  and tests of  t h i s  i ndex  on summer 1980 
o b s e r v a t i o n s  and numer i ca l  f o r e c a s t s ,  ( 3 )  a medium range  numer i ca l  f o r e c a s t  
expe r imen t  designed t o  assess t h e  r o l e  of boundary f o r c i n g  i n  t he  maintenance 
and decay o f  t h e  hea t  wave, and ( 4 )  a series of  long-range p r e d i c t i o n s  from 
d i f f e r e n t  i n i t i a l  data and boundary c o n d i t i o n s  t o  d e t e r m i n e  i f  any s k i l l  
a c t u a l l y  e x i s t s  i n  n u m e r i c a l l y  f o r e c a s t i n g  t h e  i n i t i a t i o n  of  t he  heat wave on 
a v a r i e t y  of  time scales.  These i n c l u d e :  ( a )  n i n e  two and one-half  month 
c o n t r o l  ( C )  f o r e c a s t s  w i t h  c l i m a t o l o g i c a l  boundary c o n d i t i o n s  - three from 
1980 a t  0000 GMT 1 4  May, 0000 GMT 15 May, and 0000 GMT 16 May, and three each 
from t h e  non-heat wave y e a r s  1979 and 1982 f o r  t h e  same da tes ,  ( b )  three two 
and one -ha l f  month f o r e c a s t s  from 0000 GMT 1 4  May 1980,  0000 GMT 15 May 1980, 
and 0000 GMT 16 May 1980 i n  which e i ther  obse rved  s e a - s u r f a c e  t e m p e r a t u r e s  
(SST) from 4OoS t o  60°N f o r  1980 or  d e r i v e d  s o i l  m o i s t u r e  (SM) v a l u e s  over  
North America f o r  1980 were u s e d  t o  r e p l a c e  t h e  c o r r e s p o n d i n g  c l i m a t o l o g i c a l  
v a l u e s ,  and ( c )  three a d d i t i o n a l  two and one-half  month (SM + SST) f o r e c a s t s  
from 0000 GMT 15  May 1980 and 0000 GMT 16 May 1980 i n  which bo th  obse rved  SST 
and d e r i v e d  SM v a l u e s  f o r  1980 r e p l a c e d  t h e  co r re spond ing  c l i m a t o l o g i c a l  
v a l u e s .  
The r e s u l t s  of  these expe r imen t s  show s e n s i t i v i t y  of t h e  extended-range 
1 Tel Aviv U n i v e r s i t y ,  Department of  Geophysics  and P l a n e t a r y  S c i e n c e s ,  Ramat 
Aviv, Tel Aviv,  I s rae l .  
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01 ANALYSIS - 12 GMT 2 1  FEB 1979 01 - 4 DAYS GLA/NMC - 4 DAYS 
- 1  F i g u r e  25 Mean zona l  winds i n  rns . Top: 12 GMT 17 February  1979 
a n a l y s e s .  Middle :  Four-day f o r e c a s t s  and  v e r i f y i n g  01 
a n a l y s i s .  Bottom: Ten-day forecasts  and  v e r i f y i n g  01 a n a l y s i s .  
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p r e d i c t i o n s  of  t h e  heat wave t o  b o t h  t h e  i n i t i a l  c o n d i t i o n s  and boundary 
f o r c i n g .  Comparison o f  t h e  boundary f o r c i n g  e x p e r i m e n t s  showed t h e  combined 
i n f l u e n c e  o f  s o i l  m o i s t u r e  and sea s u r f a c e  temperature anomal i e s  t o  be more 
s i g n i f i c a n t  t h a n  e i ther  e f f ec t  a l o n e  and i n d i c a t e d  t ha t  the  e f f ec t  of  a 
s p e c i f i c  boundary da ta  s e t  is  s t r o n g l y  i n f l u e n c e d  by t h e  o t h e r  boundary 
c o n d i t i o n s .  I n  a d d i t i o n ,  t h e  e f f ec t  of  anomalous boundary f o r c i n g  was found 
t o  be  enhanced by the  removal of the  model’s  climate d r i f t .  T h i s  l a t t e r  
e f f ec t  is i l l u s t r a t e d  i n  F igure  2 6 ,  which shows the  a c c u r a c y  of  t he  model 
p r e d i c t i o n s  of t h e  heat wave index  ( H W I )  ove r  t h e  n o r t h e r n  and s o u t h e r n  p l a i n s  
of  t h e  U.S. 
Global  Surface Wind and F lux  F i e l d s  from t h e  Assimilation of S e a s a t  Data 
3 ( R .  Atlas, A. J.  B u s a l a c c h i l ,  S. Bloom, M .  Ghi12, E .  Kalnay ) 
S u r f a c e  f l u x e s  of heat ,  m o i s t u r e ,  and momentum between the  oceans  and 
atmosphere p l a y  a major r o l e  i n  t h e  f o r m a t i o n ,  movement, and m o d i f i c a t i o n  of  
water and a i r  masses, and i n  the development and i n t e n s i f i c a t i o n  of s t o r m s  
n e a r  c o a s t s  and o v e r  t he  open ocean. The d e t e r m i n a t i o n  of these f l u x e s  is 
e x t r e m e l y  i m p o r t a n t  f o r  numer i ca l  modeling and d i a g n o s t i c  s t u d i e s  of  these and 
other a t m o s p h e r i c  and o c e a n i c  phenomena and f o r  numer i ca l  p r e d i c t i o n  o n  a 
v a r i e t y  of time scales. However, s u c h  d e t e r m i n a t i o n s  have  been l i m i t e d  t o  a 
large e x t e n t  by t h e  lack  of adequa te  o b s e r v a t i o n s  o f  even t h e  most fundamental  
m e t e o r o l o g i c a l  v a r i a b l e s  o v e r  t he  oceans .  
With the l a u n c h  of  t h e  S e a s a t  s a t e l l i t e  i n  June  1978,  a new data s o u r c e  
f o r  s u r f a c e  winds became a v a i l a b l e .  On board was t h e  Seasat-A S a t e l l i t e  
S c a t t e r o m e t e r  (SASS) which measured radar backscatter from c e n t i m e t e r  scale  
c a p i l l a r y  waves. An empirical r e l a t i o n s h i p  referred t o  as the  SASS 1 model 
f u n c t i o n  was u s e d  t o  i n f e r  surface wind v e l o c i t y  from these measurements. 
However, SASS 1 p rov ided  up t o  f o u r  p o s s i b l e  wind d i r e c t i o n s ,  cal led a l iases ,  
w i t h  each r e p o r t .  Thus,  b e f o r e  these data c o u l d  be u t i l i z e d  i n  m e t e r o l o g i c a l  
a n a l y s e s  o r  i n  d i a g n o s t i c  and numerical  s t u d i e s ,  t h i s  ambigu i ty  i n  wind 
d i r e c t i o n  had t o  be removed. 
We have r e c e n t l y  a p p l i e d  a n  o b j e c t i v e  scheme t o  deal ias ,  o r  remove, t h e  
d i r e c t i o n a l  ambigu i ty  from t h e  complete  96-day g l o b a l  Canadian Atmospheric and 
Environmental  S e r v i c e  SASS 1 da ta  s e t  from 0000 GMT J u l y  7 ,  1978 t o  0000 GMT 
October  1 0 ,  1978 (Atlas e t  a l . ,  1987) .  These da ta  have been assimilated u s i n g  
t h e  GMSB a n a l y s i s / f o r e c a s t  system t o  produce g l o b a l - g r i d d e d  s u r f a c e  wind 
f i e l d s  a t  6-hour i n t e r v a l s .  I n  a d d i t i o n ,  as a by-product o f  t h e  a s s i m i l a t i o n  
p r o c e s s ,  g l o b a l - g r i d d e d  f i e l d s  of s u r f a c e  wind stress and o f  s e n s i b l e  and 
l a t e n t  heat f l u x e s  a c r o s s  the  air-sea i n t e r f a c e  were g e n e r a t e d  a t  6-hour 
i n t e r v a l s  and time ave raged  t o  produce monthly mean f i e l d s .  
F i g u r e s  27 and 28 p r e s e n t  the monthly mean wind stress and l a t e n t  heat 
f l u x  f i e l d s  f o r  July-September 1978 o b t a i n e d  from t h e  GLA model 
a s s i m i l a t i o n .  These f i e l d s  a r e  i n  good g e n e r a l  agreement wi th  p r e v i o u s l y  
1 NASA/Goddard Labora to ry  f o r  Oceans 
2 U n i v e r s i t y  of C a l i f o r n i a  - Los Angeles 
3 N O A A / N a t  i o n a l  Me t e o r o l o g i c a ;  C e n t e r  
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F i g u r e  26 T h i r t y  day a v e r a g e  1980 obse rved  Heat Wave Index (HWI) and 1980 
C and SM+SST f o r e c a s t s  of HWI (af te r  removing the  estimated 
model climate d r i f t )  f o r  t h e  North and South P l a i n s .  
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F i g u r e  27 Monthly mean wind stress d i r e c t i o n s  from the  GLA a s s i m i l a t i o n  
u s i n g  SASS winds f o r  (a-c) July-September 1978. 
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F i g u r e  28 Monthly mean l a t e n t  hea t  f l u x  ( i n  watts pe r  s q u a r e  meter) f i e l d s  
from the  GLA a s s i m i l a t i o n  u s i n g  SASS winds f o r  (a-c) J u l y -  
September 1978. 
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p u b l i s h e d  c l i m a t o l o g i e s .  But t h e y  show c o n s i d e r a b l e  more d e t a i l e d  s t r u c t u r e  
due  p r i m a r i l y  t o  t he  unprecedented coverage of  Seasat. 
I V .  CLIMATE RESEARCH H I G H L I G H T S  ( D .  R a n d a l l )  
Climate research i n  t h e  Global  Modeling and S i m u l a t i o n  Branch s p a n s  a wide 
v a r i e t y  of  t o p i c s .  We have chosen t o  h i g h l i g h t  c l o u d - c l i m a t e  s t u d i e s ,  ocean- 
a tmosphere s t u d i e s ,  ea r th -a tmosphe re  i n t e r a c t i o n  s t u d i e s ,  and  s e a s o n a l  cycle 
s i m u l a t i o n  s t u d i e s .  
Cloud-Climate S t u d i e s  (D. R a n d a l l )  
A key  problem i n  c l i m a t e  dynamics is t o  d e t e r m i n e  t h e  ro le  of c l o u d i n e s s  
i n  climate change.  The c l o u d s  a re  a r e f l e c t i n g  b l a n k e t ;  t h e y  coo l  t he  p l a n e t  
by r e f l e c t i n g  s u n l i g h t  back t o  s p a c e ,  and w a r m  i t  by t r a p p i n g  terrestr ia l  
r a d i a t i o n .  I t  is n o t  clear a p r i o r i  whether c o o l i n g  o r  warming wins o u t .  
Impor t an t  new o b s e r v a t i o n a l  datasets which can  shed  l i g h t  on t h i s  q u e s t i o n  a r e  
b e i n g  produced th rough  the I n t e r n a t i o n a l  S a t e l l i t e  Cloud Climatology P r o j e c t  
( I S C C P ) ,  t h e  F i r s t  ISCCP Regional  Experiment (FIRE),  and Earth R a d i a t i o n  
Budget Experiment ( ERBE 1. 
I n  o r d e r  t o  p r o v i d e  a framework f o r  a n a l y s i s  and i n t e r p r e t a t i o n  of  these 
d a t a ,  s i m u l a t i o n  s t u d i e s  of g l o b a l  c l o u d i n e s s  and its e f f e c t s  on climate have 
been carried o u t  w i t h  t h e  U C L A / G L A  GCM. Results from the  GCM a re  be ing  ana- 
l y z e d  t o  d e t e r m i n e  t h e  simulated g l o b a l  d i s t r i b u t i o n  of c l o u d i n e s s ,  t he  i n t e r -  
a c t i o n s  of t h e  c l o u d s  w i t h  large-scale c i r c u l a t i o n s  and t h e  hydrologic:  cyc le ,  
and  s e n s i t i v i t y  t o  a s p e c t s  of t h e  model’s  f o r m u l a t i o n .  Data from I S C C P ,  
HIRS2/MSU, Nimbus 7 ,  and c o n v e n t i o n a l  s o u r c e s  have a l ready  been used f o r  v a l i -  
d a t i o n .  P a r t i c u l a r  a t t e n t i o n  is be ing  g i v e n  t o  c l o u d  r a d i a t i v e  f o r c i n g  ( C R F ) ,  
t h e  i n t e r a c t i o n s  of c l o u d i n e s s  w i t h  cumulus c o n v e c t i o n  and boundary layer 
t u r b u l e n c e ,  and d i u r n a l  v a r i a b i l i t y .  
The C R F  is d e f i n e d  as the  d i f f e r e n c e  between a r a d i a t i o n  f l u x  i n  t h e  
p r e s e n c e  of c l o u d s  and t h a t  which would o c c u r  i n  t h e  a b s e n c e  of c l o u d s  w i t h  
a l l  o t h e r  f i e l d s  unchanged. Here we b r i e f l y  examine some CRF results from a 
J u l y  s i m u l a t i o n  w i t h  t h e  GCM. 
According t o  t h e  model r e s u l t s ,  t h e  n e t  CRF is a c o o l i n  o f  -19.3 Wm-2 
f o r  t h e  p l a n e t  as a whole. 
a1 though the  longwave component of  28.3 Wm-2 is of comparabl e magnitude . 
These f o r c i n g s  a r e  a s s o c i a t e d  with a s i m u l a  ed p l a n e t a r y  a l b e d o  of 29% and a 
s i m u l a t e d  o u t g o i n g  longwave f l u x  of 233 Wm-’, which are  i n  good agreement  w i t h  
s a t e l l i t e  o b s e r v a t i o n s .  In a g l o b a l  s e n s e ,  b o t h  the  longwave and shor twave  
CRFs a re  f e l t  a l m o s t  e n t i r e l y  by t h e  s u r f a c e ;  t h e  atmosphere is h a r d l y  
a f fec ted .  T h i s  is t rue  even l o c a l l y  f o r  t he  s o l a r  CRF, b u t  as shown i n  F i g .  
29 ,  t h e  t e r r e s t r i a l  CRF has broad r e g i o n s  of i n t e n s e  p o s i t i v e  and n e g a t i v e  
v a l u e s  which n e a r l y  c a n c e l  i n  the g l o b a l  mean. I n  t he  Western E q u a t o r i a l  
Pacific,  t h e  warming approaches  100 W ~ I - ~ ,  w h i l e  n e a r  t h e  p o l e s  t h e  c o o l i n g  
exceeds  -40 Wm-2. 
c o r r e s p o n d s  t o  a l a t e n t  h e a t i n g  o f  27 Wm . 
The s o l a r  component of  -47.6 Wm-’ t h u s  domina te s ,  
-1  For comparison, a p r e c ‘ p i t a t i o n  r a t e  of 1 mm day  - 3  
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The c l o u d s  warm or c o o l  t he  atmosphere depending on t h e  a l t i t u d e  a t  which 
t h e y  occur .  A h i g h  c o l d  c l o u d  t e n d s  t o  warm t h e  atmosphere because  i t  a b s o r b s  
i n t e n s e  r a d i a t i o n  from t h e  ear th 's  surface whi le  e m i t t i n g  o n l y  weakly.  I n  
c o n t r a s t ,  a low warm c l o u d  t e n d s  to  cool t h e  atmosphere because it  emits 
s t r o n g l y  b o t h  upward and downward w h i l e  s t r o n g  a b s o r p t i o n  o c c u r s  o n l y  on i t s  
lower  side.  S i n c e  h i g h  c l o u d s  are common i n  t h e  t r o p i c s ,  while  low c l o u d s  
occur  f r e q u e n t l y  n e a r  t he  p o l e s ,  t h e  z o n a l l y  ave raged  a t m o s p h e r i c  CRF is a 
warming i n  t h e  t r o p i c s  and  a c o o l i n g  i n  h i g h e r  l a t i t u d e s ,  t h u s  demanding a 
poleward heat t r a n s p o r t  by t h e  atmosphere i n  a d d i t i o n  t o  t h a t  r e q u i r e d  by 
l a t e n t  h e a t i n g .  The zona l  s t r u c t u r e  of  t h e  a tmosphe r i c  CRF is a l so  very 
s t r o n g ,  w i t h  warming a t  l o n g i t u d e s  of r i s i n g  motion where h i g h  c l o u d s  o c c u r ,  
and c o o l i n g  a t  l o n g i t u d e s  of s i n k i n g  motion where low c l o u d s  o c c u r .  The 
v e r t i c a l  motion f i e l d  induced by  t h e  a tmosphe r i c  CRF t h u s  t e n d s  t o  feed back 
p o s i t i v e l y  on t h e  c l o u d s .  T h i s  t a n t a l i z i n g  resu l t  s u g g e s t s  t h e  p o s s i b i l i t y  of 
rad ia t  i ve- dynami c i n s  t a b  il i t  i es . 
S e n s i t i v i t y  tests w i t h  t h e  GCM show t h a t  t h e  h i g h  c l o u d i n e s s  a s s o c i a t e d  
wi th  cumulus c o n v e c t i o n  t e n d s  t o  s u p p r e s s  convec t ion  o v e r  l a n d .  T h i s  n e g a t i v e  
feedback is due t o  c loud  shadows which lead t o  a r e d u c t i o n  i n  t h e  s u r f a c e  
e v a p o r a t i o n .  A s imilar n e g a t i v e  feedback w i t h  a l o n g e r  time sca le  may o p e r a t e  
o v e r  t h e  oceans .  A coup led  ocean-atmosphere model is needed t o  i n v e s t i g a t e  
t h i s .  
Un l ike  some o t h e r  climate models ,  t h e  UCLA/GLA CCM i n c l u d e s  t h e  d i u r n a l  
i n s o l a t i o n  c y c l e .  The d i u r n a l  v a r i a b i l i t y  of c l o u d i n e s s  and p r e c i p i t a t i o n  
s i m u l a t e d  by t h e  model is v e r y  pronounced even o v e r  t h e  o c e a n s ,  and has a n  
o r d e r l y  g e o g r a p h i c a l  s t r u c t u r e .  Encouraging agreement w i t h  obse rved  d i u r n a l  
v a r i a t i o n s  has been found .  These r e a l i s t i c  r e s u l t s  have encouraged u s  t o  u s e  
t h e  model t o  address a l o n g - s t a n d i n g  and c o n t r o v e r s i a l  i s s u e :  Why is there a 
d i u r n a l  c y c l e  o f  p r e c i p i t a t i o n  o v e r  t h e  oceans?  Among t h e  p o s s i b l e  
e x p l a n a t i o n s  t h a t  have been proposed,  w e  have i n v e s t i g a t e d  three: (1 ) abso rp -  
t i o n  of solar  r a d i a t i o n  by c l o u d s  i n  t he  upper t r o p o s p h e r e  t e n d s  t o  s t a b i l i z e  
t h e  l a p s e  r a t e ,  and s o ,  i n h i b i t s  mo i s t  convec t ion  d u r i n g  t h e  d a y ,  bu t  n o t  a t  
n i g h t ,  ( 2 )  solar warming induces d i u r n a l l y  v a r y i n g  large-scale v e r t i c a l  
mo t ions  t h a t ,  i n  t u r n ,  modulate  the  moi s t  c o n v e c t i o n ,  and ( 3 )  d i u r n a l  h e a t i n g  
of the c o n t i n e n t s  forces d i u r n a l l y  v a r y i n g  c i r c u l a t i o n s  t h a t  e x t e n d  o v e r  t h e  
o c e a n s ,  i n f l u e n c i n g  o c e a n i c  m o i s t  convec t ion .  These three h y p o t h e s e s  are n o t  
mutua l ly  e x c l u s i v e ;  each c a n  be p a r t i a l l y  c o r r e c t .  
Our results,  o b t a i n e d  th rough  a series of numerical  e x p e r i m e n t s  w i t h  t h e  
CCM, can  be summarized a s  f o l l o w s .  F i r s t ,  a d i u r n a l  cycle o f  p r e c i p i t a t i o n  
does  o c c u r  even i n  the absence  of c o n t i n e n t s ,  b u t  its a m p l i t u d e  is o n l y  abou t  
h a l f  t h a t  o b t a i n e d  f o r  t h e  oceans  i n  a c o n t r o l  r u n  w i t h  c o n t i n e n t s .  This  
i n d i c a t e s  t h a t  the  d i u r n a l  cycle of p r e c i p i t a t i o n  o v e r  t he  oceans  is p a r t l y  
due  t o  t h e  remote i n f l u e n c e  of  t h e  c o n t i n e n t s .  Second, i n  a one-dimensional  
v e r s i o n  of t h e  GCM w i t h  p r e s c r i b e d  v e r t i c a l  motion t h a t  i s  independent  of  t he  
time o f  d a y ,  a d i u r n a l  cycle of  p r e c i p i t a t i o n  o c c u r s  w i t h  phase and a m p l i t u d e  
q u a l i t a t i v e l y  similar t o  o b s e r v a t i o n s .  T h i s  shows t h a t  d i r e c t  c o u p l i n g  
between r a d i a t i o n  and c o n v e c t i o n  does p l ay  a r o l e  i n  f o r c i n g  t h e  d i u r n a l  cycle 
of p r e c i p i t a t i o n  o v e r  t h e  oceans .  F i n a l l y ,  t h e  d i u r n a l l y  v a r y i n g  v e r t i c a l  
motions i n  t h e  a l l - o c e a n  run a c t u a l l y  show minimum r i s i n g  motion a t  t h e  time 
and p l a c e  of maximum r a i n f a l l ,  r u l i n g  o u t  any p o s s i b i l i t y  t h a t  v e r t i c a l  
motions d r i v e  t h e  d i u r n a l  c y c l e  o f  t h e  r a i n f a l l .  Our r e s u l t s ,  t h e r e f o r e ,  t e n d  
t o  s u p p o r t  t h e  f i rs t  h y p o t h e s i s  l i s t e d  above. 
49 
I n  t h e  coming year we p l a n  t o  use FIRE data t o  deve lop  a n  improved 
p a r a m e t e r i z a t i o n  of  mar ine  s t r a t o c u m u l u s  c l o u d s  i n c l u d i n g  the  e f f e c t s  of  the  
d i u r n a l  c y c l e ,  cloud- t o p  e n t r a  inment i n s  t a b i  1 i t y  , and f r a c t i o n a l  c l o u d i n e s s .  
Atmosphere-Ocean I n t e r a c t i o n s  (M. S u a r e z )  -- -~ 
I n  o r d e r  t o  s t u d y  t h e  low-frequency behav io r  of  t h e  coup led  ocean- 
a tmosphere s y s t e m ,  and p a r t i c u l a r l y  t he  E l  Nino/Southern O s c i l l a t i o n  ( E N S O ) ,  a 
coup led  ocean-atmosphere model has been developed i n  c o l l a b o r a t i o n  w i t h  P. 
Schopf of  t h e  Goddard Labora to ry  f o r  Oceans. Some of  the  resul ts  from t h i s  
model,  and the  t h e o r y  o f  ENSO w e  have developed from them, are d i s c u s s e d  
below. 
The model c o n s i s t s  of  a two-layer p r i m i t i v e  e q u a t i o n s  ocean coup led  t o  a 
two- l eve l  p r i m i t i v e  e q u a t i o n s  atmosphere.  The ocean model is on a n  i d e a l i z e d ,  
r e c t a n g u l a r ,  e q u a t a r i a l  b a s i n  while  t h e  a t m o s p h e r i c  model i s  g l o b a l .  The 
ocean model p r e d i c t s  t he  t h i c k n e s s ,  t e m p e r a t u r e ,  and c u r r e n t s  i n  two layers  
chosen t o  r e p r e s e n t  t h e  t r o p i c a l  mixed-layer  and the rmoc l ine .  The a t m o s p h e r i c  
model is f o r c e d  b y  r e l a x i n g  its thermal s t r u c t u r e  t o  a " r a d i a t i v e  e q u i l i b r i u m  
p r o f i l e "  w i t h  a l a r g e  po le - to -equa to r  t e m p e r a t u r e  d i f fe rence .  T h i s  f o r c i n g  is 
independen t  of l o n g i t u d e  and time and is symmetric abou t  t h e  Equator .  The two 
models are  coup led  by  d r i v i n g  t h e  ocean w i t h  a s u r f a c e  w i n d  stress propor- 
t i o n a l  t o  t h e  a tmosphe re ' s  lower l e v e l  wind, and by  add ing  t o  t h e  atmosphere a 
mid - t roposphe r i c  h e a t i n g  p r o p o r t i o n a l  t o  t h e  air-sea t empera tu re  d i f f e r e n c e .  
The r e s u l t s  p r e s e n t e d  below were o b t a i n e d  by i n t e g r a t i n g  the  coupled 
model f o r  35 y e a r s  s t a r t i n g  from a r e s t i n g  i s o t h e r m a l  s t a t e .  During t h e  f i rs t  
100 d a y s ,  t h e  Newtonian f o r c i n g  produces a n  a tmosphe r i c  g e n e r a l  c i r c u l a t i o n  
i n c l u d i n g  v i g o r o u s  m i d - l a t i t u d e  s y n o p t i c - s c a l e  t r a n s i e n t s .  The r e s u l t i n g  
t r o p i c a l  e a s t e r l y  winds t h e n  sp in -up  a n  o c e a n i c  t r o p i c a l  c i r c u l a t i o n  w i t h  a n  
east-west s l o p i n g  t h e r m o c l i n e  and a n  e q u a t o r i a l  c o l d  tongue i n  t h e  e a s t e r n  
p a r t  of  t h e  b a s i n .  By y e a r  f i v e ,  t h e  s y s t e m  has reached a n  e q u i l i b r i u m  w i t h  
c o n s i d e r a b l e  low-frequency v a r i a b i l i t y .  F i g .  30 shows time s e c t i o n s  o f  ( a )  
e q u a t o r i a l  anomal i e s  of SST, ( b )  ocean s u r f a c e  h e i g h t ,  and ( c )  lower  l e v e l  
zonal  wind. These have time-scales and h o r i z o n t a l  s t r u c t u r e s  ( n o t  shown) 
similar t o  t h o s e  of  obse rved  E l  Nino e v e n t s .  
To e x p l a i n  these r e s u l t s ,  w e  have proposed a t h e o r y  t h a t  re la tes  t h e  
time-scale s e l e c t i o n  a p p a r e n t  i n  the  f i g u r e  t o  t he  time-scale o f  wave propaga- 
t i o n s  i n  a c l o s e d  e q u a t o r i a l  ocean b a s i n .  The main d i f f i c u l t y  i n  producing a 
"wave dynamics" t h e o r y  f o r  t h i s  time sca le  is t h a t ,  whereas t h e  p r o p a g a t i o n  
times i n  t h e  b a s i n  a r e  of t h e  order of  300 t o  400 days ,  the p e r i o d  t o  be 
e x p l a i n e d  is on t h e  o r d e r  of 1000 t o  1200 d a y s .  Our theo ry  s o l v e s  t h i s  
problem i n  two ways .  F i r s t ,  i t  shows t h a t  t h e  s i g n a l  is r e f l ec t ed  i n  t h e  
coup led  r e g i o n  i n  s u c h  a way t h a t  s o l u t i o n s  have  p e r i o d s  of a t  l eas t  twice t h e  
p r o p a g a t i o n  time. Second, a s i m p l e  n o n - l i n e a r  a n a l o g  system is used t o  a r g u e  
t h a t  p e r i o d s  of  three t o  f o u r  times t h e  p r o p a g a t i o n  time are t y p i c a l .  
R e c e n t l y ,  w e  have begun development of  a much more e l a b o r a t e  model of  t h e  
t r o p i c a l  ocean /g loba l  atmosphere s y s t e m  th rough  which we hope t o  o b t a i n  a 
be t te r  unde r s t and ing  of ENSO. S e p a r a t e  development of  t h e  new atmosphere and 
ocean models is n e a r l y  complete ,  and we a re  now working on the coup l ing .  The 
new ocean is a m u l t i - l a y e r  r e d u c e d - g r a v i t y  model on a e q u a t o r i a l  b a s i n  w i t h  
real  is t i c  geography. The new atmosphere i n c l u d e s  t o p o g r a w y  , paramete r i za -  
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t i o n s  o f  s h o r t  and l o n g  wave r a d i a t i o n ,  boundary layer  t u r b u l e n c e ,  and t h e  
h y d r o l o g i c  cycle. These models c a n  be i n t e g r a t e d  w i t h  o r  w i t h o u t  a s e a s o n a l  
cycle and i n  v a r i o u s  b a s i n  c o n f i g u r a t i o n s .  They w i l l  e v e n t u a l l y  be deve loped  
i n t o  g l o b a l  coupled climate models. 
Atmosphere-Land S u r f a c e  I n t e r a c t i o n s  (Y. Sud)  
Over t h e  l a s t  decade t h e  importance of  s u r f a c e  albedcs and s o i l  m o i s t u r e  
anomal i e s  f o r  climate v a r i a b i l i t y  has been c l e a r l y  e s t ab l i shed .  Our work a t  
GMSB has f o c u s e d  mainly on deser ts  and d e s e r t - b o r d e r  r e g i o n s .  We have shown 
t h a t  a n  i n c r e a s e  i n  t h e  s u r f a c e  a l b e d o  of  a desert  bo rde r  r e g i o n ,  which 
t y p i c a l l y  has very low e v a p o t r a n s p i r a t i o n ,  produces boundary l a y e r  c o o l i n g .  
T h i s  c o o l i n g  promotes s i n k i n g  and d r y i n g  a l o f t  i n  acco rdance  w i t h  t h e  s u r f a c e -  
a l b e d o  feedback h y p o t h e s i s  of  J. Charney. The n e t  e f f e c t  is t o  r e d u c e  the  
r a i n f a l l  i n  t he  d e s e r t - b o r d e r  r e g i o n  which h e l p s  t o  f u r t h e r  promote 
d e s e r t i f i c a t i o n .  
GCMs have been used t o  examine t h e  s e n s i t i v i t y  of  summer r a i n f a l l  i n  
semi-arid r e g i o n s  t o  changes i n  the  s o i l  mo i s tu re .  Our e a r l y  r e s u l t s  have 
i n d i c a t e d  t h a t  r e g i o n a l  s o i l  m o i s t u r e  de f i c i t s  have l i t t l e  e f f ec t  on s u r f a c e  
r a i n f a l l .  I n  these ear ly  e x p e r i m e n t s ,  t he  d e f i c i t s  d i d  produce decreased 
e v a p o t r a n s p i r a t i o n  and i n c r e a s e d  s e n s i b l e  hea t  f l u x ,  b u t  t h e  i n c r e a s e d  
s e n s i b l e  h e a t i n g  l e d  t o  thermally induced m o i s t u r e  convergence which 
compensated f o r  t h e  r educed  e v a p o t r a n s p i r a t i o n .  As a r e s u l t ,  t h e  o v e r a l l  
i n f l u e n c e  of t'ne s o i l  m o i s t u r e  d e f i c i t s  on t h e  s i m u l a t e d  r a i n f a l l  was small. 
We now b e l i e v e  that  these ear ly  resul ts  were i n c o r r e c t .  An improved 
v e r s i o n  of  the  GLA GCM shows s i g n i f i c a n t  s e n s i t i v i t y  of p r e c i p i t a t i o n  t o  
r e g i o n a l  s o i l  m o i s t u r e  anomal i e s .  The main r e a s o n  f o r  t h e  change i n  ou r  
r e s u l t s  is t h a t  we have now i n c l u d e d  a r e a l i s t i c  upward m o i s t u r e  mixing by 
v i g o r o u s  d r y  convec t ion .  The enhanced s u r f a c e  s e n s i b l e  heat f l u x  i n  d r y - s o i l  
r e g i o n s  c a u s e s  t h e  boundary layer  t o  deepen i n t o  t h e  d r y  f r ee  atmosphere 
a l o f t .  Downward mixing leads t o  a d r y i n g  n e a r  t h e  surface which i n h i b i t s  t he  
o n s e t  of  m o i s t  convec t ion .  Meanwhile, t h e  u p p e r - l e v e l  m o i s t u r e  is carr ied 
away by h o r i z o n t a l  d i v e r g e n c e .  T h i s  r e v i s e d  GLA G C M  has been used t o  s t u d y  
how North A f r i c a n  c i r c u l a t i o n  and r a i n f a l l  depend on t h e  s u r f a c e  a l b e d o  and 
s o i l  m o i s t u r e  of  t h e  Saha ra  Desert. The r e s u l t s ,  which are  shown i n  F i g .  31,  
i n d i c a t e  t h a t  s u r f a c e  e v a p o r a t i o n  can  have  a s t r o n g  i n f l u e n c e  on the  amount of  
North A f r i c a n  r a i n f a l l  and t h e  northward i n t r u s i o n  of  t he  I T C Z  i n t o  t h e  Sahel 
a n d / o r  s o u t h e r n  Saha ra .  
Another impor t an t  f a c t o r  i n f l u e n c i n g  l o c a l  p r e c i p i t a t i o n  is s u r f a c e  
roughness  which is mainly de t e rmined  by  the  h e i g h t  of t h e  v e g e t a t i o n .  We have 
performed c o n t r o l l e d  expe r imen t s  t o  de t e rmine  t he  i n f l u e n c e  o f  s u r f a c e  
roughness  on :  a )  deser ts ,  b )  t h e  I n d i a n  Monsoon, and c )  g l o b a l  c i r c u l a t i o n  and 
r a i n f a l l .  F i g u r e  32 shows how decreased sur face  roughness  a f f e c t s  the  l a t e r a l  
convergence of  water vapor  i n  t he  f r i c t i o n a l l y  c o n t r o l l e d  low- leve l  model 
f low.  I n c r e a s e d  m o i s t u r e  convergence can  lead  t o  g r e a t e r  r a i n f a l l .  T h i s  
mechanism is p a r t i c u l a r l y  i m p o r t a n t  i n  t he  t r o p i c s .  
We have i n v e s t i g a t e d  t h e  b iogeophys ica l  p r o c e s s e s  of  d e s e r t i f i c a t i o n  and 
t h e  p h y s i c a l  mechanisms r e s p o n s i b l e  f o r  S a h e l i a n  d r o u g h t s .  D e t e r i o r a t i n g  
v e g e t a t i o n  leads t o  i n c r e a s e d  s u r f a c e  a l b e d o ,  weaker e v a p o t r a n s p i r a t i o n ,  and 
reduced s u r f a c e  roughness .  Our model r e s u l t s  show t h a t  these changes t e n d  t o  
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F i g u r e  31 July a v e r a g e  e v a p o r a t i o n  and p r e c i p i t a t i o n  i n  mm/day. Top: 
Zonal a v e r a g e  e v a p o r 3 t i o n  f o r  anomaly s i m u l a t i o n ,  c o n t r o l  
s i m u l a t i o n  and t h e  d i f f e r e n c e s  between anomaly and c o n t r o l .  
Midd le :  Zonal a v e r a g e  p r e c i p i t a t i o n  f o r  c o n t r o l  r u n  and the 
d i f f e r e n c e s  between anomaly and c o n t r o l  r u n s .  Bottom: 
P r e c i p i t a t i o n  d i f f e r e n c e s  between anomaly and c o n t r o l  r u n s .  
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F i g u r e  32 I n f l u e n c e  of  s u r f a c e  roughness  of l a n d  on m o i s t u r e  convergence 
f o r  s i m u l a t e d  J u l y .  Shown are  d i f f e r e n c e s  between the  a v e r a g e  
of three anomaly (smooth)  and c o n t r o l  s i m u l a t i o n s .  ( a )  C u r l  of 
s u r f a c e  stress d i v i d e d  by C o r i o l i s  parameter .  ( b )  M o i s t u r e  
convergence . 
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r e d u c e  t h e  r a i n f a l l ,  which c a u s e s  t he  v e g e t a t i o n  t o  d e t e r i o r a t e  f u r t h e r .  
Through t h i s  b i o g e o p h y s i c a l  f eedback  l o o p ,  a n  i n c i p i e n t  d rough t  c a n  become 
s e l f - p r o m o t i n g .  T h i s  mechanism may be r e s p o n s i b l e  f o r  t h e  ongoing expans ion  
of  t h e  Sahara Desert. 
We are  a l s o  t r y i n g  t o  e x p l a i n  t h e  obse rved  month-to-month f l u c t u a t i o n s  of 
S a h e l i a n  r a i n f a l l .  O b s e r v a t i o n a l  and modeling s t u d i e s  have r e v e a l e d  
c o r r e l a t i o n s  between S a h e l i a n  r a i n f a l l  anomalies  and s e a - s u r f a c e  t e m p e r a t u r e  
anomal i e s  ( F i g  .33).  These s t u d i e s  have shown t h a t  E l  N ino- l ike  s e a - s u r f a c e  
t e m p e r a t u r e  anomal i e s  can  lead t o  f l u c t u a t i o n s  i n  t h e  Hadley c i r c u l a t i o n  
( F i g . 3 4 ) ,  which, i n  t u r n ,  a f f e c t  r a i n f a l l  t h roughou t  t he  t r o p i c s ,  i n c l u d i n g  
n o r t h e r n  Africa. 
Through these s t u d i e s ,  o u r  u n d e r s t a n d i n g  of  t h e  bas ic  mechanisms of  
ea r th -a tmosphe re  i n t e r a c t i o n s  i s  improving. I n  t h e  n e a r  f u t u r e ,  we p l a n  t o  
u s e  r e a l i s t i c  s a t e l l i t e - d e r i v e d  d i s t r i b u t i o n s  of  v e g e t a t i o n  and s o i l  m o i s t u r e  
as  i n p u t  t o  GCM s i m u l a t i o n s .  I n  a d d i t i o n ,  we p l a n  t o  use s a t e l l i t e - o b s e r v e d  
d i s t r i b u t i o n s  o f  sea s u r f a c e  t e m p e r a t u r e  and snow/ ice  e x t e n t .  These r e a l i s t i c  
boundary c o n d i t i o n s  w i l l  e n a b l e  u s  t o  more f u l l y  unde r s t and  the impact of  
land-ocean-atmosphere i n t e r a c t i o n s  on r a i n f a l l  and c i r c u l a t i o n .  
S e a s o n a l  Cycle  S i m u l a t i o n  S t u d i e s  ( D .  S t r a u s )  - -I_ 
During t h e  p a s t  t h i r t y  years ,  g e n e r a l  c i r c u l a t i o n  models (CCMS) have been 
used i n  i n c r e a s i n g l y  a m b i t i o u s  s t u d i e s  of  t he  atmosphere.  E a r l y  g o a l s  were t o  
a c c u r a t e l y  s i m u l a t e  t h e  annua l  o r  s e a s o n a l  ( u s u a l l y  w i n t e r  o r  summer)  mean 
climate u s i n g  t ime-independent  boundary c o n d i t i o n s .  Many of  t h e  i m p o r t a n t  
f e a t u r e s  o f  t h e  a t m o s p h e r i c  g e n e r a l  c i r c u l a t i o n  were c o r r e c t l y  r ep roduced .  
These s u c c e s s e s  encouraged the use of GCMs t o  unde r s t and  and p r e d i c t  climate 
f l u c t u a t i o n s  on a v a r i e t y  of time scales .  I n c r e a s i n g  computing power has made 
m u l t i - y e a r  i n t e g r a t i o n s  p r a c t i c a l ,  so i t  is now p o s s i b l e  t o  model t h e  s e a s o n a l  
cycle o f  t h e  a t m o s p h e r i c  g e n e r a l  c i r c u l a t i o n .  
The s e a s o n a l  march of s o l a r  f o r c i n g  and t h e  a s s o c i a t e d  changes  i n  s u r f a c e  
f o r c i n g  d u e  t o  t h e  c o n t r a s t i n g  thermal p r o p e r t i e s  of l a n d  and ocean  produce 
l a r g e  changes  i n  t he  l o c a t i o n  and i n t e n s i t y  of the t r o p i c a l  r a i n  be l t s  and i n  
t h e  a m p l i t u d e  and phase of t h e  e x t r a - t r o p i c a l  s t a t i o n a r y  waves, which t h e n  
modulate  t h e  t r a n s i e n t  f l u c t u a t i o n s .  Seasona l  changes i n  the  c i r c u l a t i o n ,  
t e m p e r a t u r e ,  and r a i n f a l l  are larger  t h a n  any r e c o r d e d  long-term climate 
changes .  
We have i n v e s t i g a t e d  t he  s e a s o n a l  cycle  o f  t h e  g e n e r a l  c i r c u l a t i o n  as 
s i m u l a t e d  by t h e  o l d e r  GLAS Climate Model i n  a two-year i n t e g r a t i o n  i n  which 
t h e  boundary c o n d i t i o n s  f o l l o w e d  a p r e s c r i b e d  s e a s o n a l  cycle.  P rev ious  
s t u d i e s  have  shown t h a t  t he  GCM is remarkab ly  s u c c e s s f u l  i n  s i m u l a t i n g  the  
monthly and s e a s o n a l  r e s p o n s e  o f  t h e  atmosphere t o  obse rved  changes i n  t h e  
boundary c o n d i t i o n s  a t  t h e  ear th ' s  s u r f a c e .  One of  t h e  c o n c l u s i o n s  of  our  
work is t h a t  t h e  model is l e s s  s u c c e s s f u l  i n  s i m u l a t i n g  the  s e a s o n a l  cycle.  
The a n n u a l  march of t'ne 200 mb z o n a l l y  ave raged  u-wind is shown i n  F i g .  
35 which compares t h e  GCM r e su l t s  w i t h  FGGE o b s e r v a t i o n s .  The o v e r a l l  s imu la -  
t i o n  o f  t h e  s e a s o n a l  c y c l e  is q u i t e  good, a l t h o u g h  the  Sou the rn  Hemisphere 
w i n t e r  j e t  is c l e a r l y  t o o  s t r o n g  and is l o c a t e d  a b o u t  10 d e g r e e s  t o o  c l o s e  t o  
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F i g u r e  33 Annual R a i n f a l l  Index  v a l u e s  f o r  t h e  Soudan and  Sahel be l t s  of 
sub-Saharan Africa. Top pane l :  S t a t i o n  d i s t r i b u t i o n .  Bottom 
p a n e l :  R a i n f a l l  Index  anomal i e s .  (Cour t e sy  of Nicholson ,  
1985). 
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African Sector Hadley c e l l  ( I O 9  kg s e c - l )  f o r  J u l y  f o r  
prescribed sea-surface temperature anomalies: 
Nino s c a l e  anomalies from 40s t o  60N as  observed i n  J u l y  1983, 
( b )  Climatological normal sea-surface temperatures i . e . ,  no 
anomalies and ( c )  cold-phase E l  Nino s c a l e  sea-surface 
temperature anomalies from 40s t o  60N as  observed i n  J u l y  1975. 
( a )  warm phase E l  
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F i g u r e  35 L a t i t u d e / t i m e  s e c t i o n  of monthly mean 200 m b  z o n a l  wind. 
From FGGE o b s e r v a t i o n s .  ( b )  From t h e  GCM. 
( a )  
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t h e  Equator .  A s  a proxy f o r  p r e c i p i t a t i o n  (which t e n d s  t o  be  dominated by 
small scale  f e a t u r e s ) ,  we i n s t e a d  show the  upper  l e v e l  (200 mb) v e l o c i t y  
p o t e n t i a l ,  which r e f l ec t s  t h e  l a r g e - s c a l e  d i v e r g e n c e  p a t t e r n .  F i g .  36 i l l u s -  
t r a t e s  the  s e a s o n a l  march of  the  obse rved  200 mb v e l o c i t y  p o t e n t i a l .  The 
dominant f e a t u r e  is t h e  minimum ( a s s o c i a t e d  w i t h  upper  l e v e l  d i v e r g e n c e )  ove r  
t he  Pacific Ocean. The s i m u l a t e d  s e a s o n a l  mean maps of  the  200 mb v e l o c i t y  
p o t e n t i a l  ( F i g . 3 7 )  c o r r e c t l y  show a r e g i o n  o f  i n t e n s e  upper l e v e l  d i v e r g e n c e  
ove r  t h e  P a c i f i c  Ocean th roughou t  the  y e a r .  The g r a d i e n t s  a r e  c o n s i s t e n t l y  
s t r o n g e r  t h a n  o b s e r v e d ,  e s p e c i a l l y  i n  n o r t h e r n  F a l l .  The s i m u l a t e d  s e a s o n a l  
s h i f t s  i n  t he  p o s i t i o n  of  the  upper l e v e l  d i v e r g e n c e  c e n t e r  (and t h e  lower 
l e v e l  p r e c i p i t a t i o n  maximum) are  i n  t h e  r i g h t  d i r e c t i o n  f o r  each s e a s o n a l  
t r a n s i t i o n ,  b u t  t he  s h i f t s  are  n o t  e x t e n s i v e  enough. I n  t h e  GCM, t he  upper 
l e v e l  d i v e r g e n c e  c e n t e r  i n  t h e  Pac i f ic  t e n d s  t o  c l i n g  t o  t h e  Equa to r ,  w h i l e  i n  
n a t u r e ,  t h i s  f e a t u r e  e x h i b i t s  more s e a s o n a l  movement. T h i s  t y p e  of error is 
a l s o  s e e n  i n  a n n u a l  cycle i n t e g r a t i o n s  w i t h  o t h e r  G C M s .  
F i g .  38 shows w i n t e r  l o n g i t u d e - p r e s s u r e  s e c t i o n s  of  t h e  obse rved  and 
s i m u l a t e d  s t a t i o n a r y  eddy f i e l d s  f o r  the  n o r t h e r n  w i n t e r .  There a re  s e r i o u s  
model e r r o r s  above 200 mb, bu t  t h e  lower  and middle  l e v e l s  of  t h e  t r o p o s p h e r e  
are well s i m u l a t e d .  The s t a t i o n a r y  and t r a n s i e n t  eddies  a re  more r e a l i s t i c  i n  
Win te r  t h a n  i n  Summer, and a r e  bet ter  s i m u l a t e d  f o r  t he  Nor the rn  t h a n  the  
Sou the rn  Hemisphere. T h i s  is a l s o  t r u e  of  some o t h e r  G C M s .  
Although there a re  obv ious  s imi la r i t i es  between t h e  s i m u l a t i o n  and t h e  
o b s e r v a t i o n s ,  we have emphasized t h e  d i s c r e p a n c i e s ,  s i n c e  p r o g r e s s  i n  
u n d e r s t a n d i n g  and p r e d i c t i n g  t h e  atmosphere can o n l y  be a c h i e v e d  th rough  t h e  
e l i m i n a t i o n  o f  these e r r o r s .  I n  t h e  f u t u r e  we p l a n  t o  e x t e n d  ou r  work t o  a 
number o f  o t h e r  GCMs. We hope t h a t  ou r  e f f o r t  w i l l  s t imulate  o t h e r  modeling 
g roups  t o  r e p o r t  more f u l l y  on t h e i r  s i m u l a t i o n s  of  t h e  s e a s o n a l  cycle.  
V. O B S E R V I N G  SYSTEM SIMULATION EXPERIMENTS _____--- 
Bat karound 
( R .  Atlas) 
S i n c e  t h e  a d v e n t  of  m e t e o r o l o g i c a l  s a t e l l i t e s  i n  the  19601s, a 
c o n s i d e r a b l e  research e f f o r t  has been d i r ec t ed  toward t h e  d e s i g n  o f  space- 
borne m e t e o r o l o g i c a l  s e n s o r s ,  t h e  development o f  o p t i m a l  methods f o r  t h e  
u t i l i z s t i o n  o f  s a t e l l i t e  sound ings  and winds i n  g l o b a l - s c a l e  models ,  and a n  
a s ses smen t  of  t h e  i n f l u e n c e  of e x i s t i n g  s a t e l l i t e  data  and t h e  p o t e n t i a l  
i n f l u e n c e  of f u t u r e  s a t e L l i t e  da t a  on numerical  weather p r e d i c t i o n .  Observing 
system s i m u l a t i o n  expe r imen t s  (OSSEIS) have p l ayed  a n  i m p o r t a n t  r o l e  i n  t h i s  
research and i n  t h e  p l a n n i n g  of Data Systems Tests ( D S T )  and t h e  F i r s t  GARP 
(Globa l  Atmospheric Research Program) Global  Experiment (FGGE). Such s t u d i e s  
have  a i d e d  i n  t h e  d e s i g n  of t h e  g l o b a l  o b s e r v i n g  s y s t e m ,  t h e  t e s t i n g  of 
d i f f e r e n t  methods o f  a s s i m i l a t i n g  s a t e l l i t e  da ta ,  and i n  a s s e s s i n g  t h e  
p o t e n t i a l  impact of  s a t e l l i t e  da ta  on weather f o r e c a s t i n g .  
The e a r l i e s t  s i m u l a t i o n  s t u d i e s  proceeded a c c o r d i n g  t o  t h e  f o l l o w i n g  
sequence  of  s t e p s :  First ,  a n  a r t i f i c i a l  h i s t o r y  of  t h e  atmosphere is c r e a t e d  
by numer i ca l  i n t e g r a t i o n  o f  a model. Second, s i m u l a t e d  71data11 a re  created 
from the  h i s t o r y  b y  a d d i t i o n  of  random v a r i a t i o n s  t o  t h e  h i s t o r y  v a l u e s  f o r  
t e m p e r a t u r e ,  wind,  and p r e s s u r e .  T h i r d ,  t h e  numer i ca l  i n t e g r a t i o n  t h a t  
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Observed seasonal ean 200 mb veloci ty  potent ia l .  Contour 
in te rva l  is 2 x 10 m /see.  ( a )  Dee.-Feb. average, ( b )  March- 
May average, ( c )  June-August average, ( d )  Sept.-Nov. average. 
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Figure 37 Seasonal mean 200 mb veloci ty  potent ia l  from the CCM. The 
contour in te rva l  and seasonal averages a r e  the same as i n  Figure 
36. 
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F i g u r e  38 Long i tude -p res su re  s e c t i o n  of s t a t i o n a r y  eddy f i e l d s  d u r i n g  
n o r t h e r n  w i n t e r  (Dec.-Feb. a v e r a g e ) .  ( a )  and ( b )  show t h e  
obse rved  e d d y  h e i g h t  f i e l d  a t  46  and 26 degrees  Nor th ,  w h i l e  ( c )  
and ( d )  show t h e  obse rved  eddy t e m p e r a t u r e  f i e l d  a t  46 and 26 
degrees  North.  Pane l s  ( e  1- ( h )  show t h e  c o r r e s p o n d i n g  f i e l d s  f o r  
t h e  GCM. Local topography is i n d i c a t e d  i n  b l a c k .  
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created t h e  h i s t o r y  is  r e p e a t e d ,  bu t  w i t h  t h e  m e t e o r o l o g i c a l  v a r i a b l e s  i n  t h e  
model r e p l a c e d  by t h e  s i m u l a t e d  da ta  a t  l o c a t i o n s  and times co r re spond ing  t o  
t h e  assumed p a t t e r n  of  o b s e r v a t i o n s .  
I f  t h e  da ta  had no  e r r o r s ,  and t h e r e f o r e  were i d e n t i c a l  w i t h  t h e  h i s t o r y  
v a l u e s ,  and were i n s e r t e d  a t  all g r i d  p o i n t s ,  t h e  new i n t e g r a t i o n  would be 
i d e n t i c a l  w i t h  t h e  h i s t o r y .  However, when e r r o r s  a re  p r e s e n t ,  t h e  i n s e r t e d  
data  p e r t u r b  t h e  s i m u l a t e d  a tmosphe r i c  c i r c u l a t i o n ,  and cause i t  t o  d e p a r t  
from t h e  h i s t o r y .  
c i r c u l a t i o n  r e s u l t i n g  from the  data i n s e r t i o n  is a measure o f  t h e  e f f ec t  of 
t he  e r r o r s  i n  t h e  s i m u l a t e d  da t a .  The effect  of  t h e  e r r o r s  u s u a l l y  is 
e x p r e s s e d  i n  terms of d i f f e r e n c e s  of t h e  m e t e o r o l o g i c a l  v a r i a b l e s ,  s u c h  as 
wind components,  ave raged  o v e r  a l l  p o i n t s  of  t h e  model g r i d .  These 
d i f f e r e n c e s  a r e  c o n s i d e r e d  t o  r e p r e s e n t  the  e r r o r s  i n  t he  d e t e r m i n a t i o n  of  
g l o b a l  a t m o s p h e r i c  s t a t e s  r e s u l t i n g  from t h e  assumed e r r o r s  i n  t h e  o b s e r v i n g  
s y s  tem. 
The d i f f e r e n c e  between t h e  h i s t o r y  and t h e  p e r t u r b e d  
I n  o r d e r  t o  s i m u l a t e  d i f f e r e n t  t y p e s  of  data and data  coverage and assess 
t h e i r  impact  on f o r e c a s t i n g  s k i l l ,  a somewhat d i f f e r e n t  approach has  been 
u t i l i z e d .  I n  t h i s  p rocedure  a f o r e c a s t  model is i n t e g r a t e d  f o r  a long  p e r i o d ,  
s u c h  as one  o r  two months. T h i s  l o n g  r u n  is t h e n  assumed t o  be the  t r u e  
atmosphere o r  ' l n a t u r e t f .  "Obse rva t ions f f  are  t h e n  extracted from t h e  n a t u r e  
r u n ,  f o l l o w i n g  a s u i t a b l e  geograph ica l  and temporal  d i s t r i b u t i o n ,  and random 
f f o b s e r v a t i o n a l f t  e r r o r s  are added .  These s i m u l a t e d  o b s e r v a t i o n s  are  t h e n  
assimilated wi th  a n  a n a l y s i s  c y c l e ,  and the  same model is u s e d  as a f l f o r e c a s t  
modelft from t h e  a n a l y z e d  f i e l d s .  
An examina t ion  of the  u n d e r l y i n g  r a t i o n a l e  f o r  t h e  s i m u l a t i o n  s t u d i e s  as 
p r e v i o u s l y  conduc ted ,  as well as a comparison of  t h e  r e s u l t s  of  these s t u d i e s  
w i t h  t h e  r e s u l t s  of subsequen t  real  data impact t e s t s ,  i n d i c a t e d  several 
i m p o r t a n t  l i m i t a t i o n s .  The most i m p o r t a n t  weakness of these s o - c a l l e d  
" i d e n t i c a l  tw in  expe r imen t s "  stems from t h e  f a c t  t h a t  t h e  same numer ica l  model 
has been used  b o t h  t o  g e n e r a t e  t he  s i m u l a t e d  o b s e r v a t i o n s  and  t o  t e s t  the  
e f f e c t i v e n e s s  o f  these o b s e r v a t i o n s .  Other weaknesses r e l a t e  t o  t h e  model- 
dependence of  t h e  s t u d i e s  and the  s p e c i f i c a t i o n  of o b s e r v a t i o n a l  e r r o r s  as 
random. 
The r ea l  data impact s t u d i e s  have a l s o  i n d i c a t e d  t h a t  major  d e f i c i e n c i e s  
i n  t he  g l o b a l  o b s e r v i n g  sys t em s t i l l  ex i s t  and tha t  c u r r e n t  s a t e l l i t e  s o u n d e r s  
are  f a r  from o p t i m a l .  Advanced p a s s i v e  i n f r a r e d  and microwave s o u n d e r s  and 
a c t i v e  s c a t t e r o m e t e r  and l i d a r  sounder s  i n  a v a r i e t y  of combina t ions  have 
r e c e n t l y  been proposed t o  improve t h e  a c c u r a c y  of s a t e l l i t e  o b s e r v a t i o n s  and 
e x t e n d  the  u s e f u l  r a n g e  o f  numerical  weather p r e d i c t i o n .  Real is t ic  o b s e r v i n g  
system s i m u l a t i o n  expe r imen t s  are  r e q u i r e d  t o  d e t e r m i n e  which of  t h e  proposed 
i n s t r u m e n t s  w i l l  p r o v i d e  the g r e a t e s t  improvements,  as well as  the o p t i m a l  
d e s i g n  of t h e  f u t u r e  g l o b a l  o b s e r v i n g  system. 
C u r r e n t  S i m u l a t i o n  S t u d i e s  
R e c e n t l y ,  a n  advanced a n a l y s i s / f o r e c a s t  s i m u l a t i o n  system has been 
developed and t h i s  system is now b e i n g  used i n  a c o o p e r a t i v e  e f f o r t  between 
the European C e n t r e  f o r  Medium Range Weather F o r e c a s t s ,  t h e  N a t i o n a l  
M e t e o r o l o g i c a l  C e n t e r ,  and t h e  Coddard Labora to ry  f o r  Atmospheres t o  b e g i n  t o  
provide a quant i ta t ive assessment of the potent ia l  impact of proposed 
observing systems on l a r g e  s c a l e  numerical weather prediction. The 
analysis / forecast  simulation system consis ts  of four elements. F i r s t ,  an 
atmospheric model integrat ion t o  provide a complete record of the Yrue t f  s t a t e  
of the atmosphere cal led the tfnatiirefT o r  Ifreference atmosphere". T h i s  record 
is then used t o  fabr ica te  observstional repor t s  and t o  evaluate analyses and 
forecas ts .  Second, a conventional data ass imilat ion cycle that  is used a s  the 
"control experiment." The control experiment is 1 ike an operational 
analysis / forecast  cycle based on conventional observations,, except t h a t  i t  
makes use of fabr icated conventional data obtained from the nature r u n  t o  
produce the analyzed f i e l d s .  T h i r d ,  a s a t e l l i t e  data ass imilat ion t h a t  
d i f f e r s  from the control i n  a l s o  including fabricated s a t e l l i t e  data  i n  the 
analysis / forecast  cycle. Fourth, forecas ts  produced from both control and 
s a t e l l i t e  i n i t i a l  conditions. Comparison of these forecas ts  w i t h  the nature 
provides an assessment of the impact of s a t e l l i t e  data .  
Two important considerations a r e  involved i n  the design of the 
assimilat ion r u n s :  the nature of the i n i t i a l  conditions and the forecast  
model used .  I n  r e a l i t y ,  short-range forecas ts  have e r r o r s  stemming from three 
d i f f e r e n t  sources: ( 1 )  inaccuracy of the i n i t i a l  s t a t e ,  ( 2 )  model e r r o r s  
t h a t  can be ascribed t o  numerical trunc3tion (horizontal  and v e r t i c a l  trunca- 
t i o n  errors d u e  t o  i n s u f f i c i e n t  reso lu t ion) ,  and ( 3 )  model errors t h a t  can be 
ascribed t o  the flphysicsfl of the model. The l a t t e r  include parameterization 
of s u b g r i d  processes l i k e  rad ia t ion ,  cumulus convection, ar,d f r i c t i o n ,  as well 
as  sources of external  forcing,  l i k e  orography, sea/land ccnt ras t ,  and even 
the use of an a r t i f i c i a l  r i g i d  top boundary condition common t o  a l l  numerical 
models. 
For r e a l i s t i c  simulation s t u d i e s ,  a l l  three sources of e r r o r s  should be 
simulated. I n  most previous simulation experiments, the same model was used 
t o  produce the nature r u n  and the assimilat ion r u n s  and forecas ts .  Therefore, 
the e r r o r s  i n  the forecas ts  were due only t o  e r r o r s  i n  the i n i t i a l  
conditions. T h i s  method (described e a r l i e r  and referred t c  a s  an If ident ical  
t w i n  experiment") has the apparent advantage t h a t  i t  i s o l a t e s  the e f f e c t  of 
i n i t i a l  data e r r o r s  and avoids both "numericalTT and T1physicalll e r r o r s .  On the  
other hand, it has a very important shortcoming: s ince the model and "nature" 
have the same climatology, the accuracy of the simulated forecas ts  may be f a r  
superior t o  the accuracy of r e a l  forecas ts .  As a r e s u l t ,  the  external  e r r o r  
growth due t o  the f a c t  t h a t  current models a r e  only approximations of the 
atmosphere is not present i n  the " ident ical  twin" experiments. T h i s  has the 
e f f e c t  of increasing the s k i l l  of conventional forecas ts  a t  low leve ls  of data 
coverage, because the perfect forecast  model is able t o  " f i l l  up" data gaps. 
Consequently, a t  low l e v e l s  of da ta ,  the impact of an observing system is 
overestimated, whereas the impact of h i g h  l e v e l s  of da ta ,  such as provided by  
s a t e l l i t e s ,  can be underestimated. 
F i n a l l y ,  i f  simulation s tudies  a r e  t o  provide an accurate indicat ion of 
how simulated data  w i l l  influence forecas ts  i n  the r e a l  world, the simulated 
observational e r ror  c h a r a c t e r i s t i c s  should be r e a l i s t i c .  For simulated 
observational errors t o  be representat ive of r e a l  observati 'mal e r r o r s ,  they 
should be introduced a t  actual  observing locat ions a n d  should not be j u s t  
white noise. Random e r r o r s  w i t h  a standard deviation on the order of G A R P  
e r r o r s  s a t u r a t e  the spectrum a t  high frequencies and t h e i r  e f f e c t  is mostly 
averaged out.  Horizontal and ver t ica l  cor re la t ions  of e r r o r  and t h e i r  
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dependency on t h e  s y n o p t i c  s i t u a t i o n  s h o u l d  be  i n t r o d u c e d  a p p r o p r i a t e l y .  
I n  t h e  s i m u l a t i o n  s t u d i e s  t h a t  we a re  c u r r e n t l y  pe r fo rming ,  we have 
a t t e m p t e d  t o  minimize some of  t he  d i f f i c u l t i e s  o f  t h e  ea r l i e r  s t u d i e s  by ( 1 )  
u s i n g  d i f f e r e n t  models i n  g e n e r a t i n g  the  n a t u r e  r u n  and i n  data  a s s i m i l a t i o n  
and f o r e c a s t i n g ,  ( 2 )  s i m u l a t i n g  both c o n v e n t i o n a l  and s a t e l l i t e  o b s e r v a t i o n s  
more r e a l i s t i c a l l y  , and ( 3 )  c a l i b r a t i n g  t h e  s i m u l a t i o n  r e s u l t s  a g a i n s t  real  
data impact e x p e r i m e n t s .  
Recent R e s u l t s  
Experiments  have been conducted t o  c a l i b r a t e  t h e  s i m u l a t i o n  system and 
d e t e r m i n e  its realism, and t o  beg in  t o  assess the  impact  of a wind p r o f i l e  
o b s e r v i n g  sys t em r e l a t i v e  t o  t h e  impact of s a t e l l i t e  t e m p e r a t u r e  sounding da ta  
a n d / o r  c l o u d - t r a c k  winds. To t h i s  e n d ,  b o t h  rea l  da ta  and s i m u l a t e d  da ta  
a s s i m i l a t i o n  c y c l e s  were performed f o r  t h e  p e r i o d  from 0000 GMT 10  November t o  
0000 GMT 25 November 1979. The real  data  e x p e r i m e n t s  i n c l u d e d  a C o n t r o l  c y c l e  
i n  which o n l y  c o n v e n t i o n a l  da ta  were assimilated,  and a FGGE cycle  i n  which 
c o n v e n t i o n a l  and  s p e c i a l  FGGE data s e t s  i n c l u d i n g  TIROS-N t e m p e r a t u r e  
sound ings  and g e o s t a t i o n a r y  s a t e l l i t e  c l o u d - t r a c k  winds were assimilated.  The 
main s i m u l a t e d  data a s s i m i l a t i o n  expe r imen t s  c o n s i s t e d  of co r re spond ing  
C o n t r o l  and FGGE c y c l e s ,  as wel l  as a C o n t r o l  p l u s  TIROS-N t e m p e r a t u r e  
p r o f i l e s  e x p e r i m e n t ,  a c o n t r o l  p l u s  c l o u d - t r a c k  winds,  and a C o n t r o l  p l u s  wind 
p r o f i l e s .  
F i g u r e  39 summarizes t he  r e s u l t s  f o r  these i n i t i a l  s i m u l a t i o n  
e x p e r i m e n t s .  SI s k i l l  s c o r e s ,  averaged f o r  e i g h t  f o r e c a s t  cases, are  
p r e s e n t e d  f o r  t h e  Sou the rn  Hemisphere. These r e s u l t s  show a s i g n i f i c a n t  
improvement i n  Sou the rn  Hemisphere f o r e c a s t  accu racy  r e s u l t i n g  from t h e  
a s s i m i l a t i o n  o f  s i m u l a t e d  s a t e l l i t e  wind p r o f i l e  da ta ,  and i n d i c a t e  t h a t  wind 
p r o f i l e  da t a  are  more e f f e c t i v e  than  t e m p e r a t u r e  da ta  i n  c o n t r o l l i n g  a n a l y s i s  
e r r o r s .  I n  t he  Nor the rn  Hemisphere, t h e  i n f l u e n c e  of  s i m u l a t e d  wind p r o f i l e s  
was smaller, b u t  on o c c a s i o n ,  showed a s i g n i f i c a n t  p o s i t i v e  impac t .  F i g u r e  40 
p r e s e n t s  a n  example of  a 5-day f o r e c a s t  of  a c y c l o n e  o v e r  t h e  Great Lakes t h a t  
was s u b s t a n t i a l l y  improved by the  u s e  of  wind p r o f i l e  data.  
I n  a d d i t i o n  t o  these e x p e r i m e n t s ,  a number of p r e l i m i n a r y  s i m u l a t i o n  
e x p e r i m e n t s  have been conducted i n  o r d e r  t o  assess the  p o t e n t i a l  i n f l u e n c e  of  
h i g h  q u a l i t y  s u r f a c e  wind d a t a ,  such  as might be o b t a i n e d  by t h e  planned NASA 
o r  ESA sca t  terometers, on Sou the rn  Hemisphere a n a l y s e s  and numer i ca l  
f o r e c a s t s .  These expe r imen t s  c o n s i s t e d  o f  f i v e  a s s i m i l a t i o n  c y c l e s  of  f i v e  
days  d u r , a t i o n  and a f ive -day  f o r e c a s t  from each and i n c l u d e d :  a f l C o n t r o l l f ,  i n  
which o n l y  s i m u l a t e d  c o y e n t i o n a l  data were a s s imi l a t ed ,  a C o n t r o l  p l u s  1000 
mb winds,  a C o n t r o l  p l u s  1000 and 850 mb winds,  a C o n t r o l  p l u s  1000, 850;  and 
700 mb winds,  and a C o n t r o l  p l u s  complete  wind p r o f i l e s  (1000-100 m b ) ,  i n  
which p e r f e c t  s i m u l a t e d  winds a t  TIROS-N l o c a t i o n s  and a t  each of t he  
mandatory l e v e l s  between 1000 mb and 100 mb were assimilated i n  c o n j u n c t i o n  
wi th  a l l  c o n v e n t i o n a l  da ta .  
These e x p e r i m e n t s  were des igned  t o  t e s t  t h e  improvement i n  a n a l y s i s  and 
f o r e c a s t  impact  which might be o b t a i n e d  i f  s u r f a c e  wind data were e f f e c t i v e l y  
used t o  modify 850 mb o r  bo th  850 and 700 mb wind a n a l y s e s ,  as well as t h e  
impact  of  s u c h  data r e l 2 t i v e  t o  t ha t  which might be o b t a i n e d  w i t h  a l i d a r  wind 
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pro f  i ler .  
F i g u r e  41 shows t h e  impact of  1000 mb, 1000 mb - 850 mb, 1000 - 700 mb, 
and comple t e  wind p r o f i l e s  on 500 mb h e i g h t  a n a l y s e s  f o r  a p o r t i o n  o f  the 
Sou the rn  Hemisphere a f te r  120 h o f  data a s s i m i l a t i o n ,  whi le  F i g .  42 shows the  
impact  o f  these winds on S,  skill s c o r e s  f o r  a f o r e c a s t  of sea l e v e l  p r e s s u r e ,  
v e r i f i e d  o v e r  t h e  e n t i r e  Sou the rn  Hemisphere. A s  i n d i c a t e d  by t he  f i g u r e s ,  
t h e  impact of  s u r f a c e  wind data on a n a l y s e s  and f o r e c a s t s  would be 
s i g n i f i c a n t l y  enhanced i f  p rocedures  were deve loped  t o  a c c u r a t e l y  e x t e n d  t h e i r  
i n f l u e n c e  t o  850 and 700 mb. However, t h i s  impact  would still be 
s u b s t a n t i a l l y  less  t h a n  t h a t  which c o u l d  be o b t a i n e d  w i t h  a complete  wind 
p ro f  i l e r  system. 
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Southern Hemisphere sea l e v e l  pressure forecasts .  
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